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Thesis abstract
Mycotoxins are secondary metabolites produced by fungi, which are harmful to humans and/or
animals. Alternaria is a common fungal plant pathogen that can produce mycotoxins in
agricultural commodities, such as processed wheat products, and fruit juices. Liquid
chromatography mass spectrometry (LC-MS) is commonly used for the detection,
characterization and quantitation of mycotoxins in agricultural products. Canadian Alternaria
species were assessed to provide a risk assessment of their secondary metabolites in agricultural
products by describing their global metabolome data obtained from the Orbitrap LC-MS
instrument. Combination of this high mass accuracy data with post data-acquisition analysis
techniques resulted in the discovery of new conjugated mycotoxins and secondary metabolites
produced by Canadian species of Alternaria.
Data independent acquisition-digital archiving (DIA-DA) was applied as a non-targeted
approach for metabolomic profiling of naturally-contaminated silage. DIA-DA allowed for high
quality retrospective sample analysis of high resolution LC-MS data with high analyte
selectivity.
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Chapter 1- Introduction
Fungi grow ubiquitously worldwide in many different environments and substrates. There are
millions of different fungal species, with a number of them capable of infecting agricultural
crops and commodities.[1] In the early 1990’s, it was estimated that plant pathogens caused
annual losses to the Canadian economy of approximately $172 million; roughly 15.5% of the
country’s total agricultural production at the time.[2] In 2015, Agri-Food exports equated to $55
billion, or approximately 10% of the total merchanise exports.[3] Worldwide, approximately $1
billion is spent annually on fungicides to control fungal pathogens.[4]
Crop losses caused by fungi, and their effects on production yields not only result in an
associated loss of income for the farmers, but they also have consequences for the consumer;
higher production costs result in higher retail prices, global food shortages, and malnutrition.
There are over 7 billion people in the world, with 36 million people living in Canada[5] and it has
been projected that the world needs to double its current agricultural production in order to feed
the estimated rise in population by 2050.[6]
Fungal pathogens not only result in a decrease in crop yield and quality, but may also produce
harmful secondary metabolites in food and animal feed. The FAO estimates that 25% of the
worldwide crop production is contaminated by mycotoxins, while the United Nations has stated
that more than 30% of the world’s mortality rate is caused by consumption of food which has
been contaminated by harmful microorganisms or parasites.[6,7] Mycotoxin exposure in Canada is
limited when compared to developing countries, primarily through implementing proper crop
management and storage.[8] However, even in developed countries, exposure to particular classes
of mycotoxins, such as trichothecenes, fumonisins and ergot alkaloids, still occurs.
Secondary metabolite analyses are predominantly performed by liquid chromatography mass
spectrometry (LC-MS) due to the robustness of the instrument in complex biological matrices.
There are numerous challenges to detection of mycotoxins, especially for new, emerging and
conjugated mycotoxins, and the continued monitoring of those toxins in food and feed. By
combining statistical analysis methods with high resolution mass spectrometry (HRMS), we can
describe the global metabolomics of pathogenic and potentially mycotoxigenic fungal species in
1

Canadian agricultural commodities and provide a risk assessment. In addition, through the
development of semi-targeted LC-MS experiments, we can describe new but structurally related
mycotoxins and secondary metabolites of potential toxicological concern.

1.1 Mycotoxins in Agricultural Commodities
1.1.1 Fungi

Fungi are eukaryotic organisms that belong to their own kingdom, (Kingdom Fungi), which
includes yeasts, molds and mushrooms. There are approximately 70,000 identified fungal species
on Earth, though it has been estimated that there may be between 1.5 - 8 million species, which
suggests many fungi have not yet been discovered or described.[1] Fungi are globally distributed,
and can thrive on a diverse variety of substrates in many different environments, including
extreme temperatures, acidic or anaerobic conditions.
Fungi are heterotrophic organisms, and obtain their metabolizable energy by extracellularly
digesting decomposing organic matter.[9]

Due to the diversity of the digestive enzymes

produced, fungi are often used industrially as food additives to promote digestion, and to culture
fine cheeses, such as Roquefort and Camembert. The saprobic capabilities of fungi, combined
with their ability to digest a wide variety of substrates, makes them ideal plant pathogens. Plant
pathogens consist of infectious organisms that colonize and cause disease within plants.
While preharvest pathogens affect the plant as it is growing, there are also a number of
postharvest fungal pathogens responsible for crop spoilage. Postharvest fungal pathogens occur
during the transportation of harvested agricultural crops, or during their storage.[10] The
contaminant fungi are often present at the time of harvest, but remain dormant; most
contaminated crops initially go unnoticed at the time of harvest. The fungi then accelerate their
growth during ripening, or by the introduction of wounds caused accidentally during harvesting
or by insect pests.[10]
In addition to crop loss caused by persistent fungal plant pathogens, many plant pathogens also
produce secondary metabolites, known as phytotoxins, to invade the immune system of the plant.

2

1.1.2 Mycotoxins and secondary metabolites

Fungi produce a variety of natural products through secondary metabolism, and are subsequently
characterized as fungal secondary metabolites.[11] Unlike primary metabolites, secondary
metabolites are not directly involved in the growth, development or reproduction of the
organism, and are produced in the stationary growth phase of fungal fermentation, (Figure
1).[9,12] Primary metabolism occurs during the exponential growth phase, while secondary
metabolism is predominant during the stationary growth phase. Secondary metabolites are
produced through intermediates or precursor metabolites formed during primary metabolism,
such as acetate or amino acids.[9] There are different structural classes of fungal secondary
metabolites which are classified based on the precursor primary metabolite used during
secondary metabolism; some of these secondary metabolites may be antimicrobial (bacteria and
other fungi), toxic towards plants (phytotoxins), or humans and animals (mycotoxins). The
production of mycotoxins is largely dependent on the fungal species, and may differ by isolate,
the surrounding microbial community, abiotic conditions, and the source of carbon and nitrogen,
though favourable fungal growth is not essential for mycotoxin production.[13–17]

Figure 1- A typical growth phase curve for fungal fermentations using a finite amount of nutrients

Some secondary metabolites may also be referred to as virulence factors, as their production
contributes to the pathogenicity and rate of colonization of the host organism.[18]Many fungal
plant pathogens produce virulence factors as a means of invading the immune system of the
plant. Many phytotoxins produced are non-host specific, and can cause disease in many different
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hosts independent of whether or not they are a common host of the plant pathogen.[19] Tentoxin
for example, is a non-host specific phytotoxin produced by species of Alternaria, which has been
shown to inhibit chloroplast synthesis in pea shoots.[20]There are numerous studies on saprobic
fungal plant pathogens that produce host-specific toxins (HSTs), which are virulence factors
capable of enhancing toxicity only in the specific plant host species.[21] AAL-toxin is a HST
produced by the pathogenic fungus Alternaria alternata, and is specific only to certain tomato
cultivars (Lycopersicon esculentum).[22] Non-susceptible or resistant tomato cultivars are 1000fold less sensitive than susceptible cultivars to AAL-toxin.[22] Some phytotoxins, such as AALtoxin, are also mycotoxins as they cause harm within humans and animals. AAL-toxin contains a
tricarballylic ester moiety which interferes with sphingolipid metabolism in plants, but also
similarly interferes with membrane function in humans and animals.[23] As mycotoxigenic fungi
contaminate agricultural crops, their mycotoxins accumulate in the feedstock. There are
numerous mycotoxin-producing fungi that may be introduced during preharvest or postharvest
conditions, so it is possible for agricultural products to have co-contamination from several
fungi. Currently, human and animal exposure to mycotoxins and secondary metabolites is limited
due to their monitoring in food, which adheres to strict government regulations from reported
toxicological data. Canada has strict regulations for toxicologically relevant concentrations of
mycotoxins, such as deoxynivalenol (DON), patulin and ochratoxin A (OTA), in agricultural
crops.[24] The European Union, under the European Food Safety Authority (EFSA), has
suggested guidelines for many emerging mycotoxins and secondary metabolites for which
toxicological data does not yet exist; recommendations are primarily based on the Threshold of
Toxic Concern (TTC) value using simulated structure activity relationships.
Known mycotoxins are also produced in conjugated forms by the fungus, in which the known
mycotoxin is bound to another molecule such as sulfate, or acetyl groups.[25] Similar to
conjugation, it has been demonstrated that plants can create masked mycotoxins as a
detoxification mechanism, where the plant links a polar molecule (such as a glucoside molecule)
to the mycotoxin to increase its rate of excretion.[25] Known conjugated and masked mycotoxins
are commonly detected in foodstuffs, however unknown conjugated and masked toxins may be
missed by traditional screening methods due to a shift in retention time and an altered molecular
formula.[25,26] This creates challenges for their detection and discovery in agricultural products,
which is especially important as the mycotoxins may retain their biological activity and toxicity
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as the conjugated or masked groups are enzymatically cleaved off during digestion. Many
regulatory agencies are factoring in concentrations of both the conjugated and parent mycotoxins
to account for the potential total toxicity.
Newly described mycotoxins that have not been widely studied or regulated are termed
‘emerging mycotoxins.’ As such, routine screening for mycotoxins in agricultural commodities
often overlooks emerging mycotoxins due to a lack of toxicological information and need for
monitoring.[27] The impact of climate change may also affect the relative geographic distributions
of mycotoxigenic fungi, which may alter the mycotoxins and secondary metabolites
subsequently detected in agricultural commodities.[28] Thus, unexpected mycotoxins typically
associated with warmer climates, which are unlikely to be screened for, may be present in
Canadian crops.
1.1.3 Alternaria

Alternaria is a ubiquitous fungal genus that can grow in a wide variety of substrates and
environments. The genus consists of both pathogenic and saprobic species, and the 300 described
species are currently divided into 26 sections based on molecular sequencing.[29–31] Some species
are major preharvest plant pathogens of a number of agriculturally-relevant crops, including
wheat and other grains, canola, tomatoes (Figure 2A), apples, and citrus fruits.[31–34] Pathogenic
species are capable of overwintering on dried infected crop material and within surrounding
weeds, which perpetuates the disease cycle.[33] Management of Alternaria consists of a
combination of fungicide applications with crop rotation and tillage practices.

A

B

Figure 2A) A cherry tomato which has been artificially contaminated by Alternaria sp. B) Concatenated
conidia of Alternaria as shown under the microscope
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More than 70 phytotoxins produced by species of Alternaria have been characterized, and
include virulence factors that have both nonspecific and specific host interactions, (HSTs).
Several Alternaria secondary metabolites have been evaluated by the European Food Safety
Authority (EFSA) as potentially causing risks to human health, including alternariol (AOH),
alternariol monomethyl ether (AME), tenuazonic acid (TeA), altenuene (ALT), and tentoxin
(TEN).[35,36]
1.1.4 Silage co-contamination

Silage, which consists of blends of corn, wheat, barley and haylage, is an important stored
feedstock for livestock. Silage production has steadily increased in agricultural areas since the
1960s, and consists of approximately 50-75% of the total livestock diet; many ruminants
consume kilograms of silage daily.[37,38] Farmers in many European countries store the majority
of their forage material as silage due to its cost-effectiveness as a daily food source to provide
fibre and digestible carbohydrates and proteins.[39] To increase the storage lifetime for yearlong
feeding, the forage material is stored under anaerobic conditions, and is combined with lactic
acid-producing bacteria (Lactobacilli) to prevent nutrient spoilage and potential microbial
contamination by reducing the pH.[40] However, silage can become contaminated with
filamentous fungi (Figure 3) that are tolerant to acidic environments, as well as other extreme
conditions. Conditions become favourable for fungal growth due to improper harvesting,
transportation and storage conditions, or by introducing moisture or oxygen to the ensiled
material. As moisture conditions become more favourable, opportunistic contaminant fungi, such
as Penicillium and Aspergillus can rapidly spread within the silage. The rise in metabolic activity
also results in an increase in silage temperature, which makes it conducive to growth for other
dormant fungi.
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Figure 3- Grass and corn silage that has been naturally contaminated by fungi

Fungal contaminated silage results in a loss of nutritional quality, and a subsequent loss of
palatability, leading to an overall decline in livestock health. Ruminants are typically resilient to
acute mycotoxin exposure due to the effectiveness of rumen microbiota at inactivating secondary
metabolites.[41] However, livestock mycotoxicity can still occur after chronic toxin exposure, or
after exposure to immunocompromising toxins such as enniatins, or antimicrobial metabolites,
such as patulin, mycophenolic acid, citrinin and roquefortine C.[42–46] In the 1960’s, maize silage
predominantly contaminated with P. roqueforti in Wisconsin led to observed mycotoxicosis in
pigs, resulting in abortion and placental retention.[47] There is also a high risk for farmers to
develop respiratory infections or other illnesses when improperly handling the contaminated
forage material. There is a danger for mycotoxin co-contamination of many different classes of
mycotoxins in silage, which are produced by both the preharvest and postharvest fungal
populations. Mycotoxin co-contamination occurs when either the same species of fungi produces
multiple mycotoxins, when several mycotoxin-producing fungi are present, or when multiple
contaminated forage materials are blended together as feedstock. The differences in chemical
structures among the mycotoxin classes caused by co-contamination make silage extraction and
multi-toxin analysis difficult.
1.2 High resolution mass spectrometry-based metabolomics
Fungal metabolomics
Metabolomics is the complete profiling of the total set of metabolites produced by a biological
organism.[48,49] Fungal primary metabolites, such as citrate, lactic acid and amino acids, are
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biological precursors directly involved in their growth and reproduction, and have associated
physiological functions. Fungal secondary metabolites have additional functions not related to
growth or development, but may assist in defense, microbial community competition, or evading
plant immune systems. The set of small molecules produced through primary and secondary
metabolism for a given species of fungus comprises its metabolome. In understanding and
perhaps redefining fungal species, metabolomics has numerous advantages over transcriptomics
or proteomics in that the metabolites detected are directly related to the phenotype and the
current level of genetic expression; all changes in the small molecule fungal metabolism are
reflected by the metabolites observed.[50]
The preferred analysis of metabolomics data is through liquid chromatography mass
spectrometry (LC-MS), due to the substantial number of metabolites detected by using softer
ionization techniques, but also due to its robustness in complex biological matrices, and its
selectivity and sensitivity towards sample analytes.[48] However, it has been approximated that
90% of the total metabolomics data are either artifacts, or completely unknown metabolites.[51]
For instance, Iijima et al., (2008) described over 860 metabolites in tomatoes, and 494 of the
metabolites were unknown.[52] Without published metabolomics databases to identify unknown
metabolites, sample analysis is limited to targeted analyses by comparison to commercial
standards, and isolation and characterization by NMR for unknown compounds- this is
unfeasible for the potentially large number of unknown metabolites. In addition, other limitations
of LC-MS for metabolomics are based on analysis in complex matrices resulting in ion
suppression, and the resolution and mass accuracy of the instrument. Though lower resolution
MS instruments (<10,000 resolution) such as triple quadrupole mass spectrometers are extremely
sensitive instruments used for quantification, they are not widely employed for metabolite
discovery and metabolomics. Lower resolution instruments cannot differentiate between closelyrelated masses, which may obscure potentially important metabolites, and are often operated at
nominal mass. High resolution mass spectrometry (HRMS) instruments, such as time-of-flight
(TOF) and Orbitrap mass spectrometry, can not only obtain the exact mass and thus molecular
formula, but they can also distinguish between closely related masses, resulting in a higher mass
accuracy.
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1.2.1 Molecular qualification
Determining the mass accuracy is an important feature in molecular qualification, as a more
accurate mass is more indicative of exact molecular formula.[53,54] Mass accuracy is defined as
the experimental mass measurement in relation to its exact (theoretical) mass, or its error,
(Equation 1).

Ideally, mass accuracy needs to be sufficient enough to provide reasonable molecular formula(e),
where 5 ppm is said to be a limit for formula selection.[53] Triple quadrupole mass spectrometry
instruments can achieve between 17 – 30 ppm mass accuracy, which can provide the likely
molecular formula for smaller mass ranges, however, when operated in reaction monitoring
mode, they generally achieve 500 mDa mass accuracy. The Q-Exactive Orbitrap is capable of
achieving mass accuracy ± 2 ppm, which is capable of providing the exact molecular formula.
The known molecular formula can be used to narrow the possibilities of the identity of the
analyte. The exact mass can also provide useful information regarding the presence of chlorine,
bromine or sulfur atoms attached due to their negative mass defects.[55] The mass defect is the
difference between the experimental mass and its nominal mass, (the whole number before the
decimal). The presence of sulfur, bromine and chlorine can also be further confirmed by
comparison to their isotopic peaks with sufficient resolution.
Resolution, or resolving power, as defined by IUPAC is defined as its experimental mass divided
by the change in mass between the chromatographic peak (Equation 2, Figure 4) at full-width
half maximum (FWHM).
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Figure 4- Measuring resolution at full-width half maximum (FWHM)

Triple quadrupole MS can achieve resolutions of approximately 1000, which is appropriate for
resolving the nominal mass of the parent molecular ion. However, the Q-Exactive Orbitrap is
capable of 140,000, which can fully resolve the M+1 and M+2 peaks, as well as isotopic patterns
from the presence of other polyisotopic elements, such as sulfur and selenium. However, in
addition to the accurate mass and molecular formula, the confidence in molecular qualification
increases with comparison to known characteristic MS2 fragments and matching retention time
(RT) obtained either from commercial standards, or from literature values. Each MS variable,
(RT, precursor mass, five fragments) is a defining feature for each known metabolite. The
confidence in identifying the correct analyte increases with each matching feature as defined by
individual validation procedures for each analyte and matrix from the LC-MS spectra and
chromatograms. For instance, European Commission (SANCO) guidelines for identifying
pesticides in food and feed consists of matching three known features using high-resolution mass
spectrometry (HRMS).[56] Complex matrices may require a larger number of matching unique
features to increase the confidence level in analyte detection.
1.2.2 Statistical analysis
Principal Component Analysis (PCA) is an untargeted and unbiased statistical approach to
visualize individual variation, and to describe patterns within large sets of data. PCA takes values
that are strongly correlated in x and y coordinates, and plots it in possibly related components as
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dimensions that describe variability.[57] Dimensions on a PCA plot have no physical independent
or dependent variables such as x and y, but rather describe a sample in 3D space in a new
coordinate system, known as principal components. The first principal component describes the
highest variability in the dataset, and is plotted against the second principal component, or the
next-highest variability.
Non-targeted statistical analysis is commonly described by principal component analysis (PCA).
PCA is an unbiased statistical tool for exploratory data analyses of raw metabolite data.
Important information from a generated metabolite peak list table, which contains m/z values,
retention times and peak areas, can be extracted as sets of principal components.[58][59] The
principal component that describes the highest variability is plot on the x-axis, against the
component with the second highest variability on the y-axis; the generation of the associated
PCA plot is termed a score plot, where each sample is represented as a point in the plot. Various
patterns begin to emerge on the score plot as the metabolites present in each sample begin to
influence the location of the sample point.[58] Samples that group together represent a particular
chemotype, in which the samples share similar secondary metabolites, and therefore share a
similar metabolism. Despite the observation of particular groups in a PCA, the groups may not
be true groups in 3D space, and the data must be statistically validated to become meaningful;
even applying a group by eye introduces potential sample bias. Thus to remove bias and still
determine if there are groups in the data, K-means clustering can be utilized prior to further
statistical analysis. K-means clustering analysis uses an algorithm that assigns groups based on a
number of randomly selected samples, and indicates the group that it is closest to in 3D space.
Related to PCA plots are loading plots, which describe the metabolites responsible for the
variation in the total dataset. The loading plots are described as arrows, with each arrow
indicating an individual metabolite. The direction and length of the arrow indicates the direction
and degree of variation observed in the samples respectively. The metabolites responsible for
variation can be investigated using p-values for their true impact on the dataset.
P-values are calculated probabilities to test the hypothesis that there are significant differences in
datasets. The significance level is set by the researcher, and describes the p-value cut-off which
is deemed to be significant, (commonly P < 0.01). Extremely low probabilities that are less than
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the set p-value cut-off are deemed statistically significant, while values above the cut-off value
are not significant. The most common test for significance is a t-test, which tests the hypothesis
that the two datasets are different from one another. However, for most metabolomics datasets,
the data cannot be assumed to be normally distributed. Thus, significance for metabolomics
datasets is calculated by using the Wilcoxon test.[60] However, in metabolomics, testing multiple
hypotheses (significant metabolites) can lead to a number of accidental false positives. For
instance, setting the P-value at 0.01 when there are 4000 metabolite features, 40 metabolites will
be false positives. Benjamini-Hochberg False discovery rate (FDR) correction addresses the
large number of false positives by increasing the p-value cut-off based on the number of
metabolites being tested.[61] Thus by applying the FDR correction to a metabolomics dataset,
fewer false positives will be accepted as significant metabolites.

1.3 Analytical techniques
1.3.1 High-performance liquid chromatography (HPLC)

A

B

Figure 5A- Agilent 1290 HPLC. B) Agilent 1290 coupled to the Thermo Q-Exactive mass spectrometer
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Reverse phase HPLC (Figure 5A) aids in the separation of a complex mixture of analytes based
on their polarity.[62] Solvent mixtures, known as the mobile phase, are pumped through a packed
column under high pressure. Secondary metabolite data generation and analysis was performed
though separation by HPLC and detection by high resolution mass spectrometry, (LC-MS,
Figure 5B).
Analyte separation
As the sample is injected, analytes in the sample matrix interact with the stationary phase of the
column, which is comprised of nonpolar (such as C18) or polar (silica-based) material.
Molecules with strong interactions with the stationary phase of the column will be retained
longer on than molecules that have less affinity; this changes the retention time of each particular
analyte as they elute from the column and pass through to the detector, (Figure 6).

Figure 6- C18 column connected to the ESI source of the mass spectrometer
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In Orbitrap mass analyzers, ions do not physically strike a detector, but instead induce a charge
image on a sensor as they move around the central electrode of an Orbitrap. The mass-to-charge
ratio (m/z) of an ion is determined following a Fast Fourier transform as a signal, which is caused
by the presence of a particular analyte and converted by Fourier transform of the time domain
into a frequency domain which can be related to mass and charge. The m/z signals as a function
of LC retention time are visualized as total ion current (TIC) chromatograms, or base peak
chromatograms (Figure 7). The TIC represents the total intensity of all of the m/z units detected
in each scan over the course of the analysis run. Similar to the TIC, detected m/z units can be
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Figure 7- Showing the typical output from the(min)
HPLC, as detected by the mass spectrometer as a TIC, or
a base peak chromatogram

visualized as base peak chromatograms, however only the most intense m/z peaks from analytes
in each spectrum contribute to the visualized plot.
LC columns can be modified to suit the analytes for particular analyses, either by changing the
column length, altering the functional groups on the packed material or changing the pore size of
the packing material. The mobile phase may elute either by isocratic flow, where the mobile
phase proportions remain constant over the sample run, or by gradient flow, where the mobile
phase changes over the course of the run. Using nonpolar columns with polar mobile phases is
termed reversed phase chromatography, and is the most common form used for the separation of
nonpolar analytes such as mycotoxins and secondary metabolites.
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1.3.2 Mass spectrometry
Mass is measured in daltons, (Da), which is the standardized unified atomic mass unit (amu).[63]
One amu is 1/12th the mass of the carbon 12 atom (1g/mol) equal to 1.66x10-27 kg. Mass
spectrometry instruments are typically combined with HPLC instruments (LC-MS), and are
commonplace in metabolomic analysis and characterization of small molecules. Mass
spectrometry (MS) is an analytical detection technique for determining masses of analytes within
a sample, more specifically by determining the mass-to-charge ratio (m/z) of gas phase ions. The
chemical species are ionized in the source, and qualified by their mass-to-charge ratios (m/z). In
a Q-Exactive instrument, ions are filtered by their mass-to-charge ratios by the quadrupole mass
analyzer, which uses alternating current (AC) using radiofrequency (RF) with direct current
(DC) to scan over the desired mass windows; any ions that do not fall within the scan ranges do
not pass through the quadrupole. After mass selection, ions are stored in the C-trap and can be
selected for MS2 analysis in the HCD cell, or continue to the Orbitrap mass analyzer for full MS
analysis. Relevant terms are discussed below as they pertain to the Q-Exactive Orbitrap (Thermo
Fisher Scientific) mass spectrometer, which was used for the generation of all high resolution
MS (HRMS) data.[64]
1.3.2.1 Heated Electrospray Ionization (HESI) Ion source
Traditional MS instruments relied on ‘hard’ ionization techniques, such as electron impact (EI)
for analysis of volatile organic compounds, (GC-MS). The higher internal energy produced from
hard ionization techniques reduces many molecules into low molecular weight characteristic
reproducible fragments. The caveat of EI ionization is that many molecules and biological
specimens cannot be readily introduced into the gas phase without first causing extensive
thermal decomposition of the analyte molecules.[65] More recently, the mass spectrometry trends
for both small and large molecule study, as well as metabolome analysis have shifted towards
softer ionization techniques, such as electrospray ionization (ESI). This is predominantly due in
part to ground breaking work accomplished by Drs. Malcolm Dole and John Bennett Fenn for
their work towards ESI.[66,67] There are many benefits of ESI over harder ionization techniques,
including preservation of parent ions and fragments for structural elucidation and quantification,
increased analyte sensitivity, a wider range of ionisable compounds, and the direct combination
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of mass spectrometry with liquid chromatography for rapid analysis. Samples in a liquid matrix
are aerosolized from a charged needle (capillary) into a heated chamber in vacuo.[68,69] The tip of
the charged capillary passes a large electric potential between the needle and a counter-electrode
onto the surface of the droplet, which in turn generates a mist of similarly charged droplets called
a Taylor Cone. The capillary tip can impart either positive or negative potential onto the droplet
surface.
There are two predominant theories for gas phase ion production at the surface of the droplet for
both small and large molecules: the ion evaporation model (IEM), and the charge residue model
(CRM), however the chain ejection model (CEM) has been proposed specifically for large
unfolded proteins.[66,70,71] The ion evaporation model (IEM) proposed by Iribarne and Thompson
(1976) suggests the ion evaporates directly from the droplet when the electric field strength at the
droplet surface increases resulting in an energy gain (ΔG) by expelling the solvated ions. [71] In
the CRM, inert nebulizing gas, such as nitrogen gas, and increased temperature of the chamber
causes droplets to become smaller, and evaporate much faster, creating an increased surface
charge density on the droplets.[68,69] As the solvent from the droplet evaporates (desolvation) in
the heated chamber, the electrostatic repulsion builds on the surface until it exceeds the surface
tension, called the Rayleigh Limit. The droplet then undergoes a ‘Coulombic explosion,’
generating smaller charged droplets which themselves repeat the cycle.[68,70] After repeated
cycles, the solvent evaporates away, leaving behind a charged analyte. Most molecules are
detected as either a protonated or deprotonated form, however some molecules can be ionized as
non-covalent adduct complexes such as NH4+, Na+ and K+. There are many reviews that support
both models co-occurring, though the prevailing theory is likely molecule-specific.
1.3.2.2 Quadrupole mass filter
In mass spectrometry, the quadrupole is a mass analyzer used for the filtering of charged ions by
their mass-to-charge ratios (m/z). The quadrupole consists of four parallel electrode rods, and
causes charged particles passing through the center of the rods to be filtered based on the
stability of their trajectories in an applied electric field across the electrodes. Thus, only ions of a
particular m/z can pass through the quadrupole.
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Ions are filtered in the quadrupole due to the force of the electric fields after applying timedependent alternating current (AC) using radiofrequency (RF) voltages, and time-independent
direct current (DC), to the electrodes.[72] Electrodes will be given the same voltage as the one
directly opposite; two will be given positive AC and DC voltages and two will be given negative
AC and DC voltages. Therefore, m/z values are either repelled or attracted to the positive or
negative electrodes dependent on its charge, and results in the ions either crashing on the
electrode surface, or passing through the quadrupole. In positive ionization mode, and when the
DC is positive, there is a stabilizing effect to positive charges of high m/z particles in the
quadrupole, as larger molecules have a slower acceleration and have a stronger repulsion against
the electrodes compared to lower masses. In contrast, when the DC is negative, smaller m/z
particles are stabilized, as the larger m/z molecules are strongly attracted to the negative
electrodes. Thus, only ions within a small m/z window will have a stable trajectory from the AC
and DC over a scan. Over the course of the run, both the AC and DC are amplified and
manipulated to create a mass spectrum over a wide scan range.
1.3.2.3 The C-trap
After mass filtering, the ions are stored in an ion trap controlled by radiofrequency (RF)
voltages.[73] The trap accumulates ions and cools them under a stream of inert nitrogen to prevent
internal collisions prior to collision-induced dissociation (CID) in the HCD cell.
1.3.2.4 Higher-energy collisional dissociation (HCD) cell
Mass-selected ions pass from the C-trap to the higher-energy collisional dissociation (HCD) cell
for fragmentation, or MS2. Directly related to Orbitrap technology, HCD is a type of collisioninduced dissociation (CID), where ions are fragmented in the gas phase, but collision occurs
external to the ion trap. The ions are accelerated into the HCD cell, where they collide with an
inert gas, (typically nitrogen). The collision converts the kinetic energy from the acceleration
into internal energy, which causes fragmentation of the parent or precursor ion into smaller
fragments. The characteristic fragments, in addition to the precursor mass are used for the
identification of the analyte. Each molecule receives a normalized amount of collision energy,
(normalized collision energy, NCE) relative to its mass; larger masses receive more energy, as
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they require more energy to fragment. The fragments are then accelerated back to the C-trap for
injection onto the Orbitrap mass analyzer.
1.3.2.5 Orbitrap mass analyzer
The ion trap was developed based on the principles from the 1920’s, when Kingdon passed a
charge over a long wire, which was enclosed by a metal can.[74] The charged wire became an
electrode, which produced an electric field within the can, and trapped the charged particles
within the can. Additional experiments performed by Knight applied the ion trap technique to
obtain crude mass-to-charge ratios, though the mass accuracy was limited.[75]
The Orbitrap, which is an ion trap mass analyzer, was developed by Alexander Makarov.[76]
Similar to the thin wire electrode, a central spindle-shaped electrode is encased by complemented
outer electrodes. As ions are ejected into the Orbitrap from the C-trap, charged particles begin to
oscillate axially across the central spindle-shaped electrode, which is confined by the outer
electrodes.[77] After ion injection, a small voltage ramp is applied to the central electrode, causing
circular (radial) oscillation around the electrode. As the voltage increases across the central
electrode, the radial oscillation decreases, which results in the packet of ions spreading across the
electrode into thin rotating rings. The oscillation of the ions in the trap induces an image current
which is detected by a differential amplifier on the outer electrode. The differential amplifier
converts the time domain signal into a frequency domain using Fourier Transform for each m/z
detected to generate a mass spectrum. The signal detected in the differential amplifier is
proportional to the number of ions detected for that particular m/z value. The sensitivity of a
particular analyte is related to the number of ions detected relating to its m/z under the applied
conditions, and is a function of its concentration.[78]
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1.3 Molecular analyses
1.3.1 Deoxyribonucleic acid (DNA) sequencing

DNA contains specialized genetic information for all living species crucial for their growth,
development and reproduction. In fungi, their metabolome is largely dependent on the genes
present at the generic or even species level, which are responsible for encoding the production of
mycotoxins and certain secondary metabolites.[79] In addition to morphological and colony
characterization, fungal species may be differentiated based on differing regions in their DNA.
Fungal genera and species are differentiated on a molecular basis by the variability of their
nucleotide sequences in known regions in their DNA. Primers are used as DNA targets, and are
designed as short nucleotide sequences complementary to the known nucleotide sequences in the
DNA. Primers designed based on the internal transcribed spacer (ITS) region are the most
commonly used general fungal primers, as nucleotide variability in the region relates to differing
fungal genera and species. The ITS region has also been suggested as a possible fungal DNA
barcode due to its broad range of differentiating fungal genera.[80] However, there are some
fungal genera, such as Penicillium and Aspergilli, that cannot be defined to the species level
based on the sequencing of the ITS region, as their ITS regions are more conserved.[81]
Additional fungal primers based on the β-tubulin and calmodulin regions are used in the
differentiation of both Penicillium and Aspergilli respectively. Similarly, the RBP2 primer has
been proposed by Woudenberg (2013) for the differentiation of Alternaria species.[30]
1.3.2 Next-generation sequencing (NGS)

Similar to standard sequencing reactions, there is a primer nucleotide set corresponding to
specific regions in the DNA that differentiate between particular species. Rather than one
amplification product for one sample, next-generation sequencing (NGS) provides differing
sequences profiles pertaining to different species present in each sample (Figure 8).
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Figure 8- Next-generation sequencing for the profiling of fungal DNA from extracted genomic DNA

NGS is a newly developed method for high-throughput DNA sequencing, which was developed
to aid in total genome analysis.[82] NGS is now commonly used for both identifying and detecting
members of mixed microbial communities.[83] The Illumina MiSeq, which is a commonly used
platform, utilizes specialized barcoded primers (Figure 9) to process a large number of sequences
present from total extracted DNA.[82]
Total genomic DNA from each sample is extracted, and each sample is PCR-amplified with a
unique combination of forward and reverse barcoded primers (Supplementary Table 5S). Each
amplified DNA from the original sample forms a cluster within the flow cell, and each cluster is
sequenced using fluorescently labelled nucleotides, which are detected by a camera located
within the MiSeq unit. Using bioinformatics software, the differing sequences in the sample can
be assigned to the appropriate sample based on the associated barcode, and all the sequences are
aligned and analyzed to profile the diversity from each sample.[82] NGS data processing using
the developed pipeline is discussed further in 4.3.3.
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Figure 9- Designed barcoded primers with adapter regions (left), and bridge amplification procedure (right) for target DNA
amplification [81]

1.4 Thesis objectives
Advances in analytical instrumentation and screening methods have resulted in an improved
ability to detect mycotoxins and secondary metabolites in trace quantities. Statistical analysis of
total metabolomics data, and the use of semi-targeted and non-targeted screening methods were
similarly validated for their use in tandem with targeted mass spectrometry. The overall objective
is to detect and characterize potentially new and emerging mycotoxins and secondary
metabolites using high resolution mass spectrometry to provide data for risk assessors on their
occurrence in Canadian agricultural commodities.
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Chapter 2- Non-targeted Metabolomics of Alternaria spp. in Canada
2.1 Chapter 2 objectives
As part of the ongoing emerging mycotoxin risk assessment for Canadian species of Alternaria,
the objective is to ascertain the distribution of isolated Alternaria species in Canada by
chemotaxonomy, and to characterize their secondary metabolite production as a risk assessment
for agriculturally-relevant crops.

2.2 Introduction
Alternaria is a cosmopolitan and globally distributed fungal genus, though the exact species and
host range in major Canadian agricultural commodities are relatively unknown. The major
problem with identifying the host range, and thus identifying the risk for toxicologically-relevant
secondary metabolites, is the difficulty in distinguishing between species. Traditionally, the
majority of isolated Alternaria species have been identified as the more common A. alternata
species, many of which are often misidentified.[84–87] Substantial attempts have been made
towards organizing the taxa of Alternaria into more appropriate species-groups or formaespeciales, but many species are practically identical on a genetic basis.[88] General fungal primers
(ITS) and even Alternaria-specific primers, (RBP2) have been developed, but they cannot
accurately distinguish between A. alternata or the A. arborescens species complex during DNA
sequencing.[30,31] The lack of specificity from the designed primers also explains the
predominance of reported A. alternata in the literature. By comparing whole genomes of
Alternaria, Woudenberg (2013) combined A. alternata, A. tenuissima and A. arborescens into
one section (section Alternaria) due to the inability to separate the individual species
genetically.[30] Many described species of Alternaria within the 26 sections are solely based on
morphology, thus many species do not differ molecularly, making DNA sequencing
problematic.[31]
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By morphology, Alternaria species are identified based on their sporulation patterns as reported
by Simmons.[88] However, even morphological identification is often difficult, as inducing
conidial production typical of the particular species is a challenge on artificial media.[89]
Chemotaxonomy has been previously successful in differentiating between filamentous fungi. [13]
A. infectoria was previously identified on the basis of chemotaxonomy due to its production of
infectopyrone and novaezelandins, which is also in congruence with molecular methods.[90]
Therefore, the metabolomics data may assist mycologists in species-level assignments through
chemotaxonomy of Alternaria isolates. Global metabolomics studies have been successful in
differentiating between large-spored species, (A. dauci, A. porri) using chemotaxonomy, and
previous attempts at differentiating between small-spored Alternaria strains have been similarly
investigated using strains from Argentina and Greece.[34,90–93] The predominant species
previously reported in food-relevant crops have been A. alternata, A. arborescens, A. tenuissima,
and A. infectoria, though the species and secondary metabolite distribution in cool climate
Canadian food crops is relatively unknown. The production of fungal secondary metabolites is
largely influenced by environmental and genetic factors.[11] In addition, different substrates
where the fungi may be isolated act as different sources of carbon and nitrogen which may
further alter the metabolism. To further complicate Alternaria chemotaxonomy, there are seven
reported A. alternata species pathotypes based on their production of host-specific toxins due to
the presence of specific toxin encoding genes contained within a common superfluous
chromosome.[94] Thus, secondary metabolites may differ in other climates and crops. Regardless
of the naming convention in Alternaria, these studies highlight the urgency to analyze the
metabolome of Canadian species specific to agricultural products by chemotaxonomy.
To investigate the global metabolomics and potential chemotypes of Canadian species of
Alternaria, 148 strains isolated from wheat, apples, blueberries, tomatoes and various perennial
shrubs, in addition to two type strains, were examined using statistical analysis of non-targeted
high-resolution mass spectrometry (HRMS) data. Individual extracts from each strain were
analyzed by principal component analysis (PCA) using data generated by untargeted LC-HRMS
(liquid chromatography high resolution mass spectrometry) data. In addition to non-targeted
screening, all strains were assessed for their potential production of AAL-toxins. Chemotypes
were investigated as possible chemotaxonomy assignments, however proper identifications of
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each individual species need to be further established to accompany the metabolomics data in
order to accurately predict the potential for secondary metabolite production in agricultural
products for a particular species of Alternaria.[31]

2.3 Experimental
2.3.1 Fungal material and identification
148 Canadian strains of Alternaria spp. were isolated from plant material or were obtained from
the Canadian Collection of Fungal Cultures (CCFC) in Ottawa, Ontario. The majority of these
strains were isolated from grain, with additional strains isolated from tomato, apple, grape, and
various perennial shrubs. Individual strains were initially identified to the genus level based on
morphology. Further morphological identifications were performed at Agriculture and Agri-food
Canada (AAFC) in Ottawa, Ontario. 81 representative strains were sent to Dr. Joyce
Woudenberg at Centraalbureau voor Schimmelcultures (CBS, Utrecht, Netherlands) and
sequenced using the RPB2 primer.[30] Strains were transferred onto potato dextrose agar (PDA)
plates (Sigma Aldrich) as 3-point inoculations and incubated at 25˚C in the darkness for 7 days,
or until the colonies reached approximately 4 cm in diameter. PDA was selected for metabolite
screening media as it produced the largest variety of metabolites detected in comparison to the
other agar media screened. Additional information regarding the strains is provided in Appendix
A1, Table 1.
2.3.2 Plug extraction
Initial metabolomic screening of the 148 Alternaria spp. strains was performed by removing six
agar plugs from each three-point inoculum using a 6 mm cork borer and extracting the plugs with
ethyl acetate containing 1% formic acid (Sigma, St. Louis, MO) prior to LC-MS screening.[91,95]
2.3.3 LC-HRMS Analysis
HRMS data were obtained using a Thermo Q-Exactive Quadrupole Orbitrap Mass Spectrometer,
coupled to an Agilent 1290 HPLC. A Zorbax Eclipse Plus RRHD C18 column (2.1 x 50 mm, 1.8
µm; Agilent) was maintained at 35 ˚C. The mobile phase was comprised of water with 0.1%
formic acid (A), and acetonitrile with 0.1% formic acid (B) (Optima grade, Fisher Scientific,
Lawn, NJ). Mobile phase B was held at 0% for 30 seconds, before increasing to 100% over three
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and a half minutes. B was held at 100% for 1 and a half minutes, before returning to 0% B in 30
seconds. 2 µL injections were used at a flow rate of 0.3 mL/min. The following conditions were
used for negative HESI for full MS: capillary voltage, 3.7 kV; capillary temperature, 400˚C;
sheath gas, 17.00 units; auxiliary gas, 8.00 units; probe heater temperature, 450 ˚C; S-Lens RF
level, 45.00; AGC target, 1e6; maximum IT, 512 ms; scan range, 100 – 1200 m/z. Similar
conditions were used for positive HESI, but with a capillary voltage of 3.9 kV. HRMS data for
both positive and negative full MS data were acquired at a resolution of 140 000 and max IT of
500 ms.
2.3.4 Global metabolomic analyses
2.3.4.1 Principal component analysis (PCA) and K means clustering
Centroided raw HRMS data generated by the Q-Exactive Obitrap from the 148 isolates and two
type strains were processed using xcms with R (r-project.org) to generate a peak list.[96–98] xcms
detects every metabolite m/z value for a given set of conditions supplied, such as the noise level,
and the minimum peak area intensity required to be considered for analysis. A subset of a sample
peak list is provided in Appendix A2. The following conditions listed in Table 1 were used to
generate peak lists:
Table 1-Peak list generation conditions using xcms in R.[40–42]

Condition

Setting

Explanation

prefilter=c(k,I)

k = 3, I = 5000

To be considered a peak, must have 3 peaks with intensity > 5000

ppm

2

Maximum tolerated m/z deviation in consecutive scans

snthresh

5

Signal to noise ratio

peakwidth=c(min,max)

min = 5, max = 20

Chromatographic peak width in seconds

noise

100000

Anything < 100000 intensity is noise

retcor

method=orbiwarp

Calculates retention time deviations from each sample

bw

5

Bandwidth setting, using half width half maximum

minfrac

0.25

Minimum fraction of samples in at least one sample to be considered a group

mzwid

0.015

Width of overlapping slices of m/z values

Data from the peak list were pretreated to correct for heteroscedasticity by first replacing zero
values with 2/3 of the minimum peak area value of all of the metabolites detected.[99] This was
followed by performing a log transformation of the peak areas.[59] To adjust for fold differences
between the metabolites, pareto scaling[59] was performed on the transformed data prior to PCA
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generation using MetabolAnalyze and FactoMineR. Unsupervised groups in the PCA were
assigned using K means clustering analysis using scripts adapted for R.[100]
2.3.4.2 Metabolomic analysis
Individual metabolites responsible for the large variation between groups examined in the PCA
were investigated using the Wilcoxon test using the Benjamini Hochberg False Discovery Rate
(FDR) correction for multiple testing.[60] Corrected p-values < 0.01 were investigated within each
group. Results were visualized as volcano plots, which were generated by plotting the log2 fold
change (ratio of average peak area in group 1: average peak area in group 2) against metabolite
intensity and FDR-corrected p-value. Metabolites which were zero-replaced by 2/3 of the
minimum peak area value, (2.3.4.1) were still detected as a ‘fold change’ difference by the
Wilcoxon test with FDR correction, even though the metabolites were either present or absent.
Thus, each metabolite was confirmed through inspection of the MS spectra between groups to
confirm presence/absence, or mere concentration differences. Metabolites were confirmed by
comparing their MS2 spectra to authentic standards, or to reported literature transitions.
Unknown metabolites were compared in both SciFinder and Antibase 2013.

2.4 Results and Discussion
2.4.1 Global metabolomic chemotyping of Canadian species of Alternaria using PCA and K
means clustering
It is imperative to screen for any potential emerging mycotoxins produced by Alternaria species
as a risk assessment for their presence in Canadian agricultural commodities. The same species
of Alternaria may still produce different secondary metabolites (different chemotypes) due to
genetic or epigenetic differences. Therefore, it becomes important to monitor the current
distribution of Alternaria species in Canada, and to characterize their secondary metabolite
production. To assess the global metabolomics and specific chemotypes of Alternaria species in
Canada, 150 strains (148 strains and 2 type strains) were analyzed using PCA of data generated
by LC-HRMS in negative ion mode, (Figure 10).
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Each metabolite number corresponds to a particular m/z value in the peak list. The arrows
attached to each metabolite number indicate the directions that each individual metabolite is
‘pulling’ or influencing the samples on the PCA plot. Potential correlations or patterns between
the samples and variables were determined by comparing the score and loading plots. The
generated score plot (Figure 10A) shows the separation of individual samples, which are
represented by spots in the PCA chart. Each sample separates based on the set of metabolites that
it contains, and samples containing similar metabolites group together; groups of samples can be
described as chemotypes. Figure 10A clearly suggests a separation of the metabolomics data into
two distinct chemotypes in negative ionization mode, with 33.78% of the variability being
explained by dimension 1.
The direction in which every distinct metabolite influences the position of a sample is described
by the loading plot (Figure 10B). Comparing between the PCA plot and the loading plot ensures
a non-biased approach to defining relationships between the samples and variables, (such as
metabolites). The loadings plot as shown in Figure 10B describes the distribution of the
metabolites within the samples, with each arrow representing a metabolite in the peak list. The
figure further supports the separation of metabolites into two groups, with the longer overlapping
arrows describing the metabolite distribution between the groups. Arrows pointing in different
directions, which correspond to other metabolites, are the metabolites responsible for the
variation observed within the groups.
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A
Group 2

Group 1

B

Figure 10- A) PCA (scoreplot) of 150 strains of Alternaria , showing HRMS data in negative ionization mode
B) Associated loadings plot from PCA, showing numbered metabolites
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zWhile individual metabolites can be analyzed from the loading plots, large sets of metabolites
are investigated for their significance (p-values) using statistical analyses, such as the Wilcoxon
test with False Discovery Rate (FDR) correction.
To further assess the two groups observed in the PCA, coordinates from each group in the
scoreplot (Figure 10A) were exported and described as metadata in a PCA for the positive
ionization mode data, (Figure 11). While the data appears to spread further across the first
dimension (Dim 1) in the positive mode PCA data, the data group similarly in both positive and
negative mode, which would suggest that there are two chemotypes for the 150 strains of
Alternaria spp. that were screened. As the data are better separated in Figure 10A than Figure 11,
the groupings were further investigated using the negative ionization mode dataset.

Group 2

Group 1

Figure 11- PCA (scoreplot) of 150 strains of Alternaria, showing HRMS data in positive ionization mode, coloured by Group
1 (black) and Group 2 (red) from Figure 5A
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Figure 12- K means clustering of 150 strains of Alternaria using full MS data generated in positive ionization mode. PCA, where
groups are coloured by unique clusters calculated using the K means clustering algorithm of centroided data points

Figure 13- K means clustering of 150 strains of Alternaria using full MS data generated in negative ionization mode. PCA, where
groups are coloured by unique clusters calculated using the K means algorithm of centroided data points
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Manually assigning groups, or creating ‘supervised’ groups on a PCA is statistically unfounded,
and not always accurate. To avoid statistically biasing the PCA by imposing supervised groups,
K-means clustering was used to describe unbiased, or ‘unsupervised’ clusters in the dataset to
confirm the presence of two groups. K-means clustering further confirmed the presence of two
unique groups within the Alternaria strains in both positive (Figure 12) and negative (Figure 13)
ionization modes.
Before concluding that these are chemotypes are unique to Canadian species of Alternaria, the
data was investigated for other potential reasons that could cause the data to split into two
groups. Information about the individual strains was imported as metadata into the PCA, and
strains were coloured by the metadata information such as the material from which the fungus
was isolated, (Figure 14), isolation date and isolation location.
Though several wheat samples grouped together in (–)Dimension 1, there were no other clear
associations between the metadata and the groups in the PCA.

Figure 14- PCA of 148 Alternaria strains (excluding type strains) of full MS data acquired in negative ionization mode.
Samples are coloured by the substrate from which the fungus was originally isolated

31

To ensure the data were reproducible, 20 strains of Alternaria (10 from each group, Figure 13)
were randomly selected for regrowth and re-extraction for HRMS analysis. This also ensured
that any potential fluctuations in metabolite production due to colony growth differences
between the 150 strains were not responsible for the differentiation of the groups; generated
PCAs for both negative and positive ionization mode are shown in Figure 15. PCA plots
generated were coloured by their group assignment from K-means clustering (Figures 13 & 14)
to investigate whether samples were grouping together as before. Datasets were run
approximately 1 year apart from each other.
Despite the small sample size, the randomly selected samples (Figures 15A & B) still cluster into
two groups, as coloured by the metadata. Similar to Figure 10A, clusters are more evident within
the negative ionization mode data, likely due to the larger variability being explained by
dimension 1 (37.55%). It is also possible that the metabolites that are responsible for the
separation may have better ionization efficiencies in negative ionization mode, or there are
additional metabolites in positive ionization mode affecting the separation. The data appear to be
grouping into two chemotypes, and this large variability observed is reproducible.
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A
Group 2
Group 1

B
Group 1

Group 2

Figure 15- PCA plots of metabolomics data generated in negative ionization mode (A) and
positive ionization mode (B) for 20 randomly selected samples. Samples are coloured by their
previous K-means clustering assignment (Figures 13 and 14 )
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2.4.2 Metabolomic analyses and chemotaxonomy
As species level differentiation between Alternaria species is difficult, it becomes important to
be able to find metabolite markers within the observed chemotypes to assist with determining
appropriate taxonomy.[30,31] The 148 Canadian strains of Alternaria that were screened grouped
into two major chemotypes, and the result was reproducible (Figure 15). However, the
metabolites responsible for the differences between the groups need to be investigated.
To better understand why the data are grouping in this manner, a Wilcoxon test with Benjamini
Hochberg False Discovery Rate (FDR) correction was performed between the two groups for
HRMS data generated in both positive and negative ionization modes.[60,61] Due to the propensity
for metabolites to have variable ionization efficiencies between positive and negative mode,
metabolites from both modes were investigated using HRMS to ensure adequate metabolome
coverage. As the chemotypes were more defined in the negative mode data, (Figure 10A, Figure
13), their ‘group’ assignments were applied to positive mode data. A table of m/z values were
prepared with P-values (Wilcoxon test), corrected P-values (Benjamini Hochberg FDR
correction), and calculated fold changes (ratios) of metabolite peak areas between groups; this
allowed for examination of metabolites responsible for the differentiation between the two
groups. The generation of volcano plots (Figure 16) allowed for easy visualization of significant
metabolites between groups (Wilcoxon, FDR correction, p < 0.01) in order to select metabolites
to investigate within both groups. Due to the large number of significant metabolites, only those
with a log2 value (average peak area ratio group 1: group 2) greater than 1 were investigated.
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1.0E-23
1.0E-21

Adducts and
dimers

P value (FDR corrected)

1.0E-19
1.0E-17
1.0E-15

Not significant

1.0E-13
Higher Group 2 Expression

1.0E-11
1.0E-09

Higher Group 1 Expression

1.0E-07

m/z
263.09300
0 [M-H]
C14H16O5

1.0E-05
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-10
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5
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1.0E+09
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C14H16O5
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(5.00)
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Log2 fold change (Group 1/Group 2)

15.00

20.00

Figure 16- Volcano plots generated from the Wilcoxon test with corrected p-values between groups 1 and 2 for data generated in
negative ionization mode. A) Fold changes in metabolite peak area with respect to their p-value significance. B) Fold changes in
metabolite peak area with respect to their actual peak area
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Both volcano plots visualize the significant metabolites, not only in regards to their significance
(Figure 16A, p-values), but also in regards to their intensity in the full MS (Figure 16B, peak
area). Both significance and intensity are imperative when designating potential differentiating
metabolites between species; this allowed for rapid selection of both statistically significant
(p < 0.01) and abundant peaks. For instance, the metabolite with a m/z of 263.09300 [M-H] in
group 2 was initially investigated due to its significance (Figure 16A, p = 1.12x10-8), and its
abundance (Figure 16B, 3.22x106). Many metabolites within group 1 had p-values less than
1.0x10-13. However, upon investigation, the significant metabolites were adducts or dimers of
abundant, (but still significant) metabolites. Future analysis included pre-filtering and sorting of
the generated peaklist m/z values by mass defect.[101] Significant metabolites responsible are in
Table 2 (group 1) and Tables 3 and 4 (group 2), and discussed below.
2.4.2.1 Group 1 differentiation
The volcano plots illustrated in Figure 16 illustrated the predominance of significant metabolites
in group 1, rather than in group 2. This suggests that the differences between the two groups are
marked by the presence of some metabolites in group 1, but the absence of many of these
metabolites in group 2. Tenuazonic acid (TeA), which is a commonly described secondary
metabolite produced by species of Alternaria, was almost 300-fold more abundant in group 1
than in group 2 (Table 2) as calculated by the Wilcox test.
Table 2- Group 1 metabolites generated by the Wilcoxon test with FDR correction from data generated in negative ionization
mode

m/z

Molecular

[M-H]

formula

196.09697

C10H15NO3

289.07159
257.04524
271.06105

C15H14O6
C14H10O5
C15H12O5

Confirmed as

Tenuazonic acid (TeA)
Altenusin

p-value

Fold change

(FDR corrected)

(peak area 1/2)

1.18x10-22

298.15*

-8

35.56

-10

29.65

-9

23.31

7.11x10-10

20.63

-8

8.978

1.35x10

Alternariol

7.67x10

Alternariol monomethyl ether

6.37x10

(AME)
277.07153
413.21912

C14H14O6
C22H30N4O4

Alternarienoic acid
Tentoxin

2.25x10

*Later determined to be based on presence/absence, rather than a fold change difference
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Samples from both groups were investigated for the secondary metabolite, and it was determined
that TeA was only present in group 1, while absent in group 2, rather than a fold change
difference in concentration between the groups. Figure 17 illustrates detected peak areas of TeA
in the PCA. A. alternata, A. arborescens, and A. tenuissima, which are all common isolates from
North America, have been reported to produce TeA.[102] However, Andersen (2002) reported that
type strain isolates of A. alternata and A. infectoria did not produce TeA, suggesting tentative
potential species identifications for group 2.[103]

9.5

9.0

8.5
Logged peak
areas
8.0

7.5

7.0

6.5

Figure 17- PCA plot from metabolomics data generated in negative ionization mode coloured by logged peak areas of
TeA. Samples in red show larger peak areas detected
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Other significant metabolites (Tables 2 and 3) responsible for the separation between the two
groups were similarly investigated for their intensities within the groups, (Figure 18).

Alternarienoic
acid

AME

AOH

Altenusin

Figure 18- PCAs of metabolomics data generated in negative ionization mode, coloured by significant metabolites detected in group 1.
Samples coloured darker red had larger peak areas
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Table 3- Group 1 metabolites generated by the Wilcoxon test with FDR correction from data generated in positive ionization
mode

m/z

Molecular

[M+H]

formula

400.24842

C24H33NO4

Confirmed as

Altersetin

273.07576

C15H12O5

AME

363.21663

C21H30O5

ACTG toxin F

349.23739

C21H32O4

p-value

Fold change

(FDR corrected)

(peak area 1/2)

1.65x10-13

155.94

-15

156.74

4.98x10-17

142.00

-17

141.69

3.59x10

ACTG toxin B or

4.98x10

tricycloalternarene 1 (TCA 1)
259.06025
365.23239
347.22172

C14H10O5
C21H32O5
C21H30O4

Alternariol (AOH)
ACTG toxin C or TCA E
ACTG toxin D or TCA 2a

1.31x10-15

79.42

9.85x10

-11

43.24

6.21x10

-15

21.41

Figure 18 demonstrates the peak areas (larger peak areas are dark red) detected for alternarienoic
acid, alternaiol (AOH), alternariol monomethyl ether (AME), and altenusin (ALU). These
metabolites are largely absent (yellow) from some regions of the PCA, and abundant (red) in
other regions within both groups, suggesting that there is additional separation within the two
groups themselves. TeA was most responsible (Figure 17, Table 2) for the initial dimension 1
separation of the samples into two major groups, while alternarienoic acid, AOH, AME, and
ALU (Table 2) caused separation within the groups themselves. The separation within the groups
is important, as it may lead towards a more definitive species-level characterization based solely
on metabolomics data.
Additional significant metabolites (p < 0.01) detected solely in positive ionization mode (Table
3) were altersetin, tricycloalternarenes (TCAs) and ACTG toxins. Altersetin, which was reported
as a novel antibiotic, as also previously reported to be produced by both the A. arborescens and
A. tenuissima species groups.[34,104] TCAs and ACTG toxins are structurally-related secondary
metabolites, but TCAs have been reported as host non-specific toxins, while ACTG toxins are
host-specific toxins (HST).[105] The occurrences of TCAs and ACTG toxins in Canadian
agricultural commodities has not been described, and it is unclear which of the metabolites are
present without paired nuclear magnetic resonance data for full structural characterization.
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The separation within group 1 is described in 2.4.2.3.
2.4.2.2 Group 2 differentiation
One of the significant metabolites in group 2 corresponded to a m/z of 263.09300 [M-H], which
was both statistically significant, (p = 1.12x10-8) and abundant (3.22x106), (Table 4). Comparing
full MS to Antibase 2013 and MS2 data (Supplementary Figure 1S) to published literature MS
transitions both confirmed that it was the known Alternaria metabolite infectopyrone, which is
solely produced by Alternaria infectoria. The secondary metabolite was previously reported as a
novel biomarker for A. infectoria, and has since been detected along with phomapyrone and
novaezelandins.[34,103] A m/z 219 compound was also significant (p = 8.92x10-10) and abundant
(3.22x106), (Tables 4 and 5) though it has not yet been reported in the literature. However,
Andersen (2002) previously reported Unknown X with retention index of 907 as another
potential biomarker along with infectopyrone, which may represent the 219 metabolite.[34,103,106]
Table 4- Significant metabolites (p<0.01) in group 2 from metabolomics data generated in negative ionization mode

m/z

Molecular

[M-H]

formula

263.09230
219.10199
179.07030

C14H16O5
C13H16O3
C10H12O3

Confirmed as

Infectopyrone
Unknown 1
Unknown 2*

p-value

Peak area fold

(FDR corrected)

change (2/1)

1.12x10-8
8.92x10-10
8.44x10-11

50.868
105.508
21.203

Both metabolites were detected as being significantly different between groups 1 and 2 within
negative and positive ionization modes, (Tables 4 and 5). Phomapyrones were also significantly
different (p<0.01) between the groups, but were detected solely in positive ionization mode
(Table 4). Phomapyrones, in addition to novaezelandins (which were not detected) have all been
reported as common secondary metabolites of A. infectoria from European isolates. A. infectoria
and A. alternata have been previously analyzed by PCA through both morphological analysis of
the conidial size and sporulation patterns, as well as through metabolite profiles.[103,106] A.
infectoria differs in both morphological and metabolite profiles, and is easily identified based on
PCA.
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Table 5- Significant metabolites (p<0.01) in group 2 generated by the Wilcoxon test with FDR correction from metabolomics
data generated in positive ionization mode

m/z

Molecular

[M+H]

formula

265.10710

C14H16O5

Infectopyrone

C13H16O3

‘219’ Unknown 1

221.11729
235.13285
233.11731
251.12785
253.14346
203.17945
233.11729
269.13838
223.09649

C14H18O3
C14H16O3
C14H18O4
C14H20O4
C11H24NO2
C14H16O3
C14H20O5
C12H14O4

Confirmed as

Phomapyrone A
Phomapyrone F
Phomapyrone E/G
Unknown
Unknown
Unknown
Unknown
Phomapyrone D

p-value

Peak area fold

(FDR corrected)

change (2/1)

2.01x10-13

312.814

2.49x10

-7

21.853

1.67x10

-7

98.059

2.55x10

-11

30.662

1.12x10

-12

258.102

9.50x10

-16

71.978

1.68x10

-12

57.238

2.55x10

-11

30.662

1.67x10

-10

21.919

1.48x10

-14

8.424

Samples that produced both infectopyrone (Figure 19) and 219 (Figure 20) are similarly
grouping together in the PCA, and appear to have larger peak areas localized within group 2
compared to other samples. The localized concentration of infectopyrone and the 219 peak, in
addition to the presence of other significant group 1 metabolites investigated in Figure 19, also
seem to suggest that there are subgroups within group 2. A. infectoria does not produce many of
the common Alternaria metabolites, such as tenuazonic acid (TEA), alternariol (AOH), or
alternariol monomethyl ether (AME), so the localized production of infectopyrone and the 219
peak by certain samples may suggest their tentative identification as A. infectoria. The only other
reported species of Alternaria known to not produce TeA is A. alternata, suggesting a potential
species-level identification for the other subgroup within group 2. Group 2 subgroups are
discussed in 2.4.2.4.
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Figure 19- PCA plot from data generated in negative ionization mode coloured by infectopyrone peak area. The
darker red areas indicate larger peak areas detected in the samples
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Figure 20- PCA plot from data generated in negative ionization mode coloured by 219 peak area. The darker red areas
indicate larger peak areas detected in the samples
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2.4.2.3 Group 1 subgroups

Group 1

The metabolite differences within group 1 (Figure 18) were investigated for potential subgroups
through K means clustering analysis, (Figure 21). All samples in group 1 were re-analyzed
separately to avoid potential carry-over from other groups from the global metabolomics
analysis. Figure 21 confirms the clustering of the samples into two separate subgroups, (1A and
1B). Similar to the global metabolomics, significant metabolites between the subgroups were
investigated using the Wilcoxon test, (Table 6).

Figure 21- PCA of metabolomics data within group 1 generated in negative ionization mode. Samples are coloured
by their K means clustering assignment
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Table 6- Subgroup 1A metabolites generated by the Wilcoxon test with FDR correction in negative ionization mode

m/z

Molecular

[M-H]

formula

189.05472

C11H10O3

Confirmed as

Corrected

Fold change

p-value

(Area A/Area B)

6.02x10-15

44.289

Altechromone B

4.37x10-16

87.803

-10

93.478

2,5-dimethyl-7hydroxychromone

231.06567

C13H12O4

319.04568

C15H12O8

Alternarian acid

4.72x10

289.07159

C15H14O6

Altenusin

2.04x10-19

80.078

273.04032

C14H10O6

Altenuisol

1.62x10-11

50.167

287.05596

C15H12O6

3-hydroxyalternariol 5-O-

2.75x10-18

48.218

8.03x10-14

12.807

methyl ether (I)
287.05581

C15H12O6

3-hydroxyalternariol 5-Omethyl ether (II)

287.05587

C15H12O6

Dehydroaltenusin (DHA)

2.04x10-19

33.422

321.06130

C15H14O8

Altenuic acid II

2.04x10-19

40.616

It was initially assumed that the two subgroups within group 1 were to be A. arborescens and A.
tenuissima due to their abundance in food crops, such as wheat, blueberries and apples.[34,92,107]
Both species have very similar genomes, and reported metabolites with the exception of
dehydroaltenusin, (produced by A. arborescens) and altertoxin III (produced by some isolates of
A. tenuissima).[31,34] This trend seemed to be in agreeance with the observed metabolites within
the two subgroups, as there were not any metabolites that were present or absent from either
group; many metabolites were in higher abundance, (subgroup 1A) but still shared between the
two groups. Andersen (2015) reported that altenuisol was not detected in the A. arborescens or
A. tenuissima isolates.[34] As altenuisol was reported to be a significant metabolite (p = 1.62x1011), and was approximately 50 fold higher in subgroup 1A, it can be inferred that a species-level
definition for subgroup 1A cannot be confidently identified from the current metabolomics data
at this time.
Altenuisol was investigated in the PCA of group 1, (Figure 22) which is predominantly produced
by samples in subgroup 1A. There is overlap between subgroups for altenuisol, suggesting that

44

while the metabolite is absent in the majority of the samples from subgroup 1B, it may still be
produced by several individual isolates.

Figure 22- PCA of metabolomics data generated in negative ionization mode. Samples are coloured by the peak area of
altenuisol. Darker red areas indicate larger peak areas detected
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On examination of the chromatograms in subgroups 1A and 1B for dehydroaltenusin (significant
in subgroup 1A, p= 2.04x10-19, C15H12O6, RT: 3.06), it was noted that there were 3 individual
peaks in the chromatogram, separated by different retention times, suggesting possible isobaric
secondary metabolites (Figure 23). One of those peaks corresponded to the known secondary
metabolite of Alternaria, 4-hydroxyalternariol 5-O methyl ether (RT: 3.34). The metabolite was
approximately 50 fold higher in subgroup 1A, and its identity was confirmed by MS2 spectra
(Figure 24). Similarly, dehydroaltenusin (RT 3.06) was approximately 30 fold higher in
subgroup 1A than subgroup 1B (Figure 25). Smaller peaks at RT: 3.38 and 3.64 suggest possible
structural isomers of 3-hydroxyalternariol 5-O methyl ether, where the methyl ether may be
linked through another carbon.

Figure 23- Extracted ion chromatogram for C15H12O6, which was significant in subgroup 1A
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Figure 24- ddMS2 spectra for the isobaric compounds dehydroaltenusin (top) and 3-hydroxyalternariol 5O-methyl ether (bottom)

Figure 25- PCA of metabolomics of group 1 data generated in negative ionization
mode, coloured by peak area intensity of dehydroaltenusin
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There were only a few significant metabolites that were different within subgroup 1B (Table 7),
with the majority of metabolites existing as unknowns. While the subgroups of 1A and 1B could
be differentiated, 5 to 10 x fold changes in metabolite peak area are not helpful for positive
identification- especially when the sample size has decreased. Subgroup 1B produces similar
metabolites to subgroup 1A, but the metabolites are less abundant. Whether this is variation
within the same species, or variation between two closely related species remains unclear.
Another suggestion was that the two subgroups consisted of differing genotypes of A. alternata,
due the presence of a superfluous chromosome influencing its secondary metabolome.[94] There
are at least ten species pathotypes of Alternaria which can produce HSTs, and seven of them are
reported to be distinct pathotypes of A. alternata.[108] To potentially identify species within the
Alternaria subgroups, the sporulation patterns may need to be determined as per Simmons, 2007,
and then combined with the metabolomics data for a more confident answer.[88]

Table 7- Significant metabolites in subgroup 1B as determined by the Wilcoxon test with FDR correction in negative ionization
mode

m/z

Molecular

[M-H]

formula

319.15502

C18H24O5

170.11752

C9H17NO2

427.17925

C23H40O7

Confirmed as

Corrected p-

Fold change

value

(Area B/Area A)

Tricycloalternarene A (TCA A)

5.28x10-3

5.587

Unknown 1

3.78x10-4

10.968

Unknown 2

9.69x10

-3

7.846

-3

5.966

276.12389

C15H19NO4

Unknown 3

1.05x10

214.14413

C11H21NO3

Unknown 4

1.19x10-9

4.520

266.13961

C14H21NO4

Unknown 5

3.35x10-3

9.158
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2.4.2.4 Group 2 subgroups

Group 2

To investigate potential separations within group 2, the data were plotted separately as a PCA
using K-means clustering analysis to determine any potential groups. All samples from group 2
were also re-run to reduce carry-over and to confirm the accuracy of the clustering, and the
secondary metabolite analysis. Due to the smaller subset of data, minor differences observed in
the PCA, such as slight differences in intensity, may be exaggerated; therefore, only large fold
changes of metabolites are reported.

Figure 26- PCA showing separation within group 2 in negative ionization mode. Samples are coloured
by the K means clustering algorithm
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K-means clustering analysis within the group supports the further separation of group 2 into two
smaller subgroups, 2A (red) and 2B (black), (Figure 26). Metabolites responsible for the
separation were investigated using Wilcox test with FDR correction, and are reported in Tables 6
(subgroup B) and 7 (subgroup A).
Table 8- Showing subgroup 2B metabolites generated by the Wilcoxon test with FDR correction

m/z

Molecular

[M-H]

formula

219.10191

C13H16O3

263.09221

C14H16O5

Confirmed as

Unknown
Infectopyrone

Corrected

Fold change

p-value

(area B/A)

3.03x10-6

3615.0810

1.88x10

-7

694.1310

-6

191.0908

299.05920

C13H16SO6

SO3 of 219 unknown

5.53x10

263.12848

C15H20O4

Abscisic acid

5.40x10-5

66.4779

251.09212

C13H16O5

3-methoxy-3-epiradicinol

4.71x10-6

48.1581

The unknown 219 peak and infectopyrone are both reported as significant metabolites, (p =
3.03x10-6 and 1.88x10-7 respectively) which are responsible for the variation between subgroups
A and B, (Table 6). Figure 27 shows group 2 with metadata showing the substrate from which
the species were isolated. Subgroup B appears to be predominantly being isolated from wheat
with the minor exception of some various perennial species. This further supports the tentative
identification of A. infectoria for subgroup B, as A. infectoria predominantly, (though not solely)
infects wheat.[109,110] There is minor variation within the subgroup from perennial species due
caused by small fluctuations in intensity for some of the shared secondary metabolites. On
inspection, both sets still reported similar peak areas for both the 219 unknown metabolite, and
infectopyrone suggesting that they are still A. infectoria. While these samples were included for
calculation of p-values and significant metabolites, they were removed for subsequent PCA
analyses. 3-methoxy-3-epiradicinol, (p= 4.71x10-6) was also detected, and was previously
reported to be a secondary metabolite solely produced by A. infectoria.[34]
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Figure 27- PCA of group 2 coloured by host substrate

The secondary metabolites responsible for the variation in the subgroup 2A PCA (Figure 26) are
due to the large upregulation of the common Alternaria metabolites, such as alternariol (AOH),
alternariol monomethyl ether (AME) and its sulfoconjugate, dehydroaltenusin and its
sulfoconjugate, and altersetin (Table 7).[111] It has been previously reported that A. infectoria
does not produce these common metabolites, further supporting that subgroup 2B is A.
infectoria.[34,103] Additionally, it was demonstrated that altenuisol was detected approximately
3300 fold higher in subgroup 2A than in subgroup 2B, (Table 7). Andersen (2015) also reported
that the A. alternata strains, which also did not produce TeA or tentoxin (TEN), produced
altenuisol (altertenuol), while A. infectoria, A. arborescens and A. tenuissima did not.[34] To
confirm, the PCA was coloured by altenuisol peak area for the group 2 samples, (Figure 28). The
largest peak areas detected for altenuisol are concentrated in subgroup 2A for the majority of the
samples. In addition to the lack of production of TeA and TEN, and the production of the
common Alternaria secondary metabolites (Table 7), the production of altenuisol is further
confirmation that subgroup 2A is A. alternata. There are conflicting reports of the predominance
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of A. alternata isolates from agriculture sources in the literature; many suggest A. alternata is the
predominant species, however that may be related to the misclassification of A. tenuissima and
A. arborescens.[107] Significant secondary metabolites as evaluated by the Wilcoxon test are
summarized below in Table 10.
Table 9- Showing subgroup 2A metabolites from group 2 generated by the Wilcoxon test using FDR correction

m/z

Molecular

[M-H]

formula

257.04520

C14H10O5

271.06102

Confirmed as

p-value

Fold change

(FDR corrected)

(area A/B)

Alternariol (AOH)

5.08x10-9

416.0430

C15H12O5

Alternariol monomethyl ether (AME)

4.40x10-7

216.2170

273.04029

C14H10O6

Altenuisol (altertenuol)

2.87x10-6

3227.7020

275.05596

C14H12O6

Talaroflavone

5.53x10-6

237.0023

277.07147

C14H14O6

Alternarienoic acid

2.16x10-7

89.2513

287.05588

C15H12O6

Dehydroaltenusin (DHA)

6.91x10-6

272.6997

289.07159

C15H14O6

Altenusin

7.38x10-7

298.3280

351.01775

C15H12SO8

AME-SO3

2.72x10-5

1482.1320

363.21755

C21H32O5

Brassicicene F

7.67x10-7

149.6401

367.01259

C15H12SO9

DHA-SO3

6.91x10-6

304.2002

398.23356

C24H33NO4

Altersetin

5.05x10-4

172.7359

Figure 28- PCA of group 2 metabolomics data generated in negative ionization mode. Samples are
coloured by the peak area of altenusiol. Darker red areas indicate larger peak areas detected
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Table 10- Summary of significant metabolites detected in both negative and positive ionization mode, and evaluated by the
Wilcox test for significance
1A

1B

2A

2,5-dimethyl-7-hydroxychromone

++

+

ACTG toxins/TCAs

++

++

Altechromone B

++

+

Alternarian acid

++

+

Altenusin

++

+

++

Altenuisol (altertenuol)

++

+

++

3-hydroxyalternariol 5-O-methyl ether (I)

++

+

3-hydroxyalternariol 5-O-methyl ether (II)

++

+

Dehydroaltenusin (DHA)

++

+

Altenuic acid II

++

+

Tricycloalternarene A (TCA A)

+

++

2B

+

Unknown 219

++

Infectopyrone

++

SO3 of m/z 219 unknown

++

Abscisic acid

++

3-methoxy-3-epiradicinol

++

Phomapyrone (A, F, E/G)

++

Alternariol (AOH)

++

++

++

Alternariol monomethyl ether (AME)

++

++

++

Talaroflavone

++

++

++

Alternarienoic acid

++

++

++

AME-SO3

++

++

++

Brassicicene F

++

++

++

DHA-SO3

++

++

++

Altersetin

++

++

++

Tenuazonic acid

++

++

Tentoxin

++

++
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2.5 Conclusions and future work
The distribution of metabolites produced by 148 pathogenic Canadian species of Alternaria was
examined using non-targeted high resolution mass spectrometry (HRMS), (Table 10). Through
statistical analysis of the global metabolome, there is a better consensus of the specific Canadian
chemotypes that are present, and their associated secondary metabolites as a risk assessment for
their production in Canadian crops.
The non-targeted metabolomics approach was capable of differentiating A. infectoria and A.
alternata (subgroups 2B and 2A respectively) from the four subgroup chemotypes detected
based on the presence or absence of numerous metabolites. Subgroups 1A and 1B share similar
metabolites, with many being upregulated approximately 50 fold in subgroup 1A. The
accompanying species level differentiation information based on the RGP2 primer is reported as
supplementary, however no species-level definitions could be reported based solely on the
metabolite differences between strains.[32] The differences may assist mycologists in future
species-level or section assignments. Metabolomics data appears to be able to solely differentiate
between different sections of Alternaria. However, metabolomics data from closely related
species within sections should be combined with sporulation group information, or with
molecular methods, such as DNA fragment separation by pulsed field gel electrophoresis
(PFGE).[88]
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Chapter 3- Semi-targeted detection of new mycotoxins and
secondary metabolites in Canadian agricultural commodities

Identification of six new Alternaria sulfoconjugated metabolites by high-resolution neutral
loss filtering
Kelman, M.J., Renaud, J.B., Seifert, K.A., Mack, J., Sivagnanam, K., Yeung, K., Sumarah,
M.W. Identification of six new Alternaria sulfoconjugated metabolites by high resolution neutral
loss filtering. Rapid Commun Mass Sp. 2015, 29(19), 1805, DOI: 10.1002/rcm.7286

Detection of total AAL-toxins and enniatins using product ion filtering
Renaud, J.B., Kelman, M.J., Qi, T., Seifert, K.A., Sumarah, M.W. Product ion filtering with
rapid polarity switching for the detection of all fumonisins and AAL-toxins. Rapid Commun
Mass Sp. 2015, 29(22), 2131, DOI: 10.1002/rcm.7374
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3.1 Chapter 3 objectives
The objective of chapter 3 was to validate post data-acquisition semi-targeted screening methods
using neutral loss filtering, and product ion filtering. Both semi-targeted methods were evaluated
for use in tandem with targeted mass spectrometry to describe new, emerging and modified
mycotoxins in agricultural commodities.

Identification of six new Alternaria sulfoconjugated metabolites by highresolution neutral loss filtering
3.2- Introduction
Alternaria is a cosmopolitan genus of fungi, and the genus has been reported as a plant pathogen
for several important pre and post-harvest agricultural commodities, including: wheat, cereal
grains, tomatoes, olives, fruits, and seeds.[106-108] More than 70 phytotoxic secondary metabolites
from Alternaria spp. have been described to date, some of which have also been described as
mycotoxins.[113,114] In addition to contributing to nonspecific interactions with plants, some
secondary metabolites of Alternaria have also been reported as having host-specific interactions;
such interactions control pathogenicity or virulence factors in certain host plants.[115,116] One
strain of A. arborescens isolated from tomatoes in California was reported to produce AALtoxins; these are structurally similar to fumonisins, which are within the polyketide class of
mycotoxins responsible for disruption of sphingolipid metabolism.[117] The most common
Alternaria metabolites found in food, alternariol (AOH) and alternariol monomethyl ether
(AME), were first isolated and characterized by Raistrick et al. in 1953.[118] Although not acutely
toxic, AOH and AME have been reported to be in vitro mutagens.[119,120] Alternaria spp. have
also been reported to produce altenuene (ALT) which is genotoxic in vitro, and teratogenic in
rats.[36] Some Alternaria mycotoxins have been shown to be stable under typical food processing
conditions.[114] These mycotoxins have been detected in carrots, berries, onions, tomatoes, as
well as in their processed food products including vegetable and fruit juices, and baked
bread.[32,121–124] At present, there are no regulations for Alternaria toxins in food. The European
Food Safety Authority (EFSA) provided an opinion on a number of Alternaria metabolites. The
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Threshold of Toxic Concern (TTC) methodology is often used to assess the potential hazards and
provide a risk assessment for compounds with unknown toxicity based on the known chemical
structures.[125] Based on the TTC data for Alternaria secondary metabolites, the EFSA has
suggested a tolerable daily intake of 2.5 ng/kg body weight per day and has recommended
further exposure assessments.[126] Targeted LC-MS methods have been developed to screen
agricultural commodities and their processed products for secondary metabolites produced by
Alternaria.[34,36,119,121,122] However, secondary metabolites and mycotoxins may also occur in
conjugated forms, where the metabolite is modified by the fungus (or the host plant) and is
conjugated to another molecule such as glucose, acetyl groups, or even to macromolecules.[25] As
such, any conjugated metabolites would be missed using a targeted LC-MS screening method;
this demonstrates the need for additional semi-targeted screening tools for mycotoxin analysis. It
has been speculated that conjugated Alternaria secondary metabolites, along with their parent
forms could occur in affected foods.[119] Sulfoconjugated forms of AOH and AME have been
previously reported from Alternaria.[129] Alternariol 5-O-sulfate (AOH-SO3) was screened
against L5178Y mouse lymphoma cells in vitro for cytotoxic activity. It demonstrated lower
bioactivity than the free AOH, but higher bioactivity compared to free AME.[129] These
compounds could be critical when determining safe levels for human and animal consumption
due to the fact that many conjugated mycotoxins such as deoxynivalenol (DON) glucoside are
not detected by traditional analytical methods.[25,119,126]
Upon collisional activation, many sulfated ions display a distinctive neutral mass loss of SO3.
Neutral loss scanning (NLS) on a triple quadrupole mass spectrometer can monitor this transition
for the semi-targeted detection of sulfoconjugated metabolites.[130–132] High resolution
instruments such as the Orbitrap Q-Exactive are not able to perform true NLS, however, postacquisition data processing techniques such as neutral loss filtering (NLF) of MS2 datasets
allows for detection of a specific neutral loss, in this case SO3. Increased resolution and mass
measurement accuracy have been shown to greatly lower the amount of interference ions and
thus increase the selectivity of NLF.[133] A rapid LC, data dependent MS2 method with NLF was
implemented to screen 148 Canadian strains of Alternaria spp. for production of sulfoconjugated
metabolites in a variety of different fermentation media.
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3.2- Experimental
3.2.1 Fungal material and identification
As previously described for the global metabolomics screening (2.2.1), 148 Canadian strains of
Alternaria spp. were isolated from plant material or were obtained from the Canadian Collection
of Fungal Cultures (CCFC) in Ottawa, Ontario. The majority of these strains were isolated from
grain, with additional strains isolated from tomato, apple, grape, and various perennial shrubs.
Individual strains were identified within the genus Alternaria based on molecular ITS
sequencing using ITS1 and ITS4 primers (Life Technologies), and by comparison to the NCBI
BLAST database. Morphological identifications were performed at Agriculture and Agri-Food
Canada (AAFC) in Ottawa, Ontario by Dr. Keith Seifert and Mr. Jonathan Mack. Strains were
transferred onto potato dextrose agar (PDA) plates (Sigma Aldrich) as 3-point inoculations and
incubated at 25˚C in the darkness for 7 days, or until the colonies reached approximately 4 cm in
diameter. Additional information about the strains is provided in Appendix A2.
3.2.2 Plug extraction and fermentation in liquid media, on Cheerios and rice
Initial metabolomic screening of the 148 Alternaria spp. strains was performed as previously
described (2.2.2) by removing six agar plugs from each three-point inoculum using a 6 mm cork
borer and extracting the plugs with ethyl acetate containing 1% formic acid (Sigma, St. Louis,
MO) prior to LC-MS screening.[91,95]
Based on initial metabolomic screening, seven strains were selected for three week fermentations
in potato dextrose broth (PDB), (Sigma Aldrich), which included three strains isolated from
wheat, two from apples, one from tomatoes, and one from grapes. The fungal mycelium (cells)
from the fermentations was filtered (Whatman #4) from the liquid media, lyophilized, extracted
with ethyl acetate and analyzed by LC-HRMS and MS2 analysis (3.2.3). The filtrate from the
same PDB fermentations were similarly subsequently extracted with ethyl acetate and analyzed
by LC-MS, (3.2.3).[134]
The same seven strains were also inoculated onto Cheerios and rice to ensure the metabolites
observed were not artefacts of the artificial media, in addition to assessing their potential
occurrence in grains. 50 g sterile cooked long grain white rice was inoculated with a 3x3 cm
portion of macerated fungal material in 25 mL sterilized distilled water and extracted with
chloroform and 1:1 methanol:water after three weeks of fermentation.[129] 80 mL portions of
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moistened Cheerios, supplemented with 0.3% sucrose and 0.005% chloramphenicol, were
similarly inoculated and extracted as above after four week fermentations.[135] Extracts from rice
and Cheerios were dried, reconstituted in methanol and filtered with 0.45µm PTFE syringe filters
(Pall Acrodisc) prior to LC-MS analysis.
3.2.3 LC-HRMS and MS2 analysis
HRMS and HRMS2 data were obtained using a Thermo Q-Exactive Quadrupole Orbitrap Mass
Spectrometer, coupled to an Agilent 1290 high-performance liquid chromatography (HPLC)
system using a C18 Zorbax Eclipse Plus RRHD column (2.1 x 50 mm, 1.8 µm; Agilent) held at
35 ˚C. 2 µL sample injections were used at a flow rate of 0.3 mL/min. The mobile phase was
comprised of water with 0.1% formic acid (A), and acetonitrile with 0.1% formic acid (B)
(Optima grade, Fisher Scientific, Lawn, NJ). Mobile phase A was held at 100% for 30 seconds,
before increasing to 100% B over three and a half minutes. B was kept at 100% for 1 and a half
minutes, before returning to 100% A in 30 seconds. Negative HESI conditions used were as
follows: capillary voltage, 3.7 kV; capillary temperature, 400˚C; sheath gas, 17.00 units;
auxiliary gas, 8.00 units; probe heater temperature, 450 ˚C; S-Lens RF level, 45.00. The data
dependent MS2 (ddMS2) used the following settings for full MS: scan range, 75 – 800 m/z;
resolution, 70 000; AGC, 3e6; max IT, 250 ms. The top five ions based on intensity from the MS
were mass selected using a 1.2 m/z isolation window, and selected ions were excluded from
further MS2 scans for 10 s. Selected ions were monitored using the following conditions:
resolution, 17 500; AGC target, 1e5; max IT, 60 ms; NCE, 27; threshold intensity, 1.2e5.
Samples were also analyzed by LC-MS as described above at a resolution of 140 000 using a
max IT of 500 ms. Neutral loss plots were visualized using MZmine 2.13.1 using acquired
HRMS and HRMS2 data.[136] Pseudo MS3 scans were performed in negative ionization mode by
applying in-source CID of 35 eV and 5 units of sweep gas, and a mass selection for the free
metabolite under a 1.2 m/z isolation window, (Figure 29).[64]
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Figure 29- 'In source' generated fragment ions for pseudo MS3 of sulfoconjugated metabolites[64]

3.3 Results and Discussion
As part of an ongoing study of emerging mycotoxins in Canadian agricultural commodities,
cultures of Alternaria spp. were examined to assess the potential for secondary metabolite
production by Canadian strains, and the subsequent crop contamination by these metabolites. 148
strains of Alternaria spp. were screened for secondary metabolite production using a rapid LCMS method in both positive and negative mode. Initial inspection of the MS2 data in negative ion
mode revealed that a number of metabolites displayed a distinct neutral mass loss of 79.957 Da,
which is indicative of the presence of a SO3. As several sulfoconjugated secondary metabolites
of Alternaria had been previously reported[129], post data-acquisition NLF was used to assess the
extent of sulfoconjugation in Alternaria extracts. NLF was visualized through a neutral loss plot,
which was constructed (Figure 30) in MZmine 2.13.1 using complete datasets of individual
samples.

Neutral loss plots aid in the quick inspection of mass spectrometry data through the observation
of precursor metabolite ions losing characteristic neutral masses. Figure 30 demonstrates the
extensive sulfation present in the Alternaria extract. The Q-Exactive’s high mass accuracy of
less than 2 ppm results in a decrease in interfering signals surrounding the actual metabolite
peak; this is particularly important if the metabolites are in low abundance. Combined with
resolutions measured above 100 000, the Q-Exactive is able to fully resolve the
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13

Cx2 isotope

peak from the

34

S isotope peak in the fine isotope pattern of the full MS data. This leads to the

confirmation of the elemental formulae of the metabolites; differentiation between other closely
related masses using lower resolution instruments, such as a triple quadrupole, would not be
possible.

Figure 30- Constructed neutral loss plot of an Alternaria sp. extract, showing the precursor metabolite m/z and the
observed neutral mass loss (Da). The neutral mass loss of SO3 (79.957 Da) is highlighted with a dashed line, with each
‘x’ corresponding to a sulfoconjugated parent metabolite along the x-axis.

Sulfoconjugated metabolites identified on the neutral loss plot had accurate neutral mass losses
of SO3 to within 1 mDa (±). In addition to the accurate mass loss of SO3 (79.957 Da), the
presence of the sulfate was further confirmed through the observation of the fine isotope pattern.
Traditionally, the relative abundance of the isotopic peaks has been used to aid in the assignment
of elemental formulae, which may be either monoisotopic or polyisotopic.[137] Depending on the
abundance of the isotopes, the contribution of their isotopes to mass spectra can be elucidated by
inspection of the M (molecular ion), M+1 and M+2 isotope ions.
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Figure 31- A) MS spectra including isotope pattern at high resolution showing the fully resolved 34S peak as evidence for
sulfoconjugation of the known metabolite AME and the new metabolite ALU-SO3. B) MS2 spectra for each metabolite
confirming the neutral loss of SO3 C) MS3 spectra for the sulfoconjugated version of each metabolite showing the fragment ions
of the in source generated ‘free’ metabolite. D) MS2 spectra for ‘free’ versions of both metabolites showing the same
fragmentation patterns as the MS3 of the sulfoconjugated metabolites.
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Higher resolution mass spectrometer instruments can resolve the individual isotopic peaks that
are characteristic for the presence of certain polyisotopic elements. The Q-Exactive Orbitrap
mass spectrometer has previously demonstrated its ability to resolve the
13

the Cx2 isotope signal in the fine isotope pattern.

[138]

34

S isotope signal from

Figure 31A shows the 13Cx2 isotopic peak

at 2.00671 Da above the monoisotopic mass; it has been fully resolved from the

34

S isotopic

peak, which has an abundance of 4.21%, at 1.99580 Da above the monoisotopic mass.
Initial plug screening detected several sulfoconjugated metabolites; two of which corresponded
to previously reported sulfoconjugated Alternaria metabolites,[129] while two corresponded to
unreported sulfoconjugates of known ‘free’ Alternaria metabolites. To confirm the identity of
the sulfoconjugated metabolites, the MS2 spectra of the free (unsulfated) metabolites were
compared to the pseudo MS3 spectra of their related sulfoconjugated metabolites.
Figure 31C shows the same fragment ions and relative intensities observed in the pseudo MS3 for
sulfoconjugated AME and ALU, as observed in the MS2 spectra from the free metabolites,
(Figure 31D). Different metabolites can yield the same fragments, however the highly
comparable relative intensities of the fragment ions observed in the MS2 spectra suggest
dissociation pathways that are energetically similar. Therefore, the sulfoconjugated metabolites
are likely structurally equivalent. The presence of the sulfate group is also supported by the shift
in retention time observed due to the reverse phase separation; the more polar sulfate group
causes the conjugated compounds to elute earlier than the free metabolites.
The rapid LC-MS2 screening of 148 Alternaria spp. strains grown on agar plates showed that 108
produced sulfoconjugated metabolites, including 47 of 79 wheat strains. The four most
commonly detected sulfoconjugates were the two previously reported sulfoconjugates of
alternariol (AOH-SO3) and alternariol monomethyl ether (AME-SO3), as well as two new
sulfoconjugates of altenusin (ALU-SO3) and dehydroaltenusin (DHA-SO3), (Figure 32).
Andersen (2015) reported similar findings for the free metabolites of AOH, AME and DHA from
small-spored Alternaria spp..[34]
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Figure 32- Production of the four predominant free and sulfoconjugated metabolites (AOH, AME, ALU and
DHA) by the 148 Canadian Alternaria sp. isolates from the plug screening method

The top seven producers of sulfoconjugated metabolites, as determined from the initial plug
screening analysis, were selected with additional fermentations in liquid culture media, rice and
Cheerios. Rice and Cheerios were selected due to the natural occurrence of Alternaria on
grains[32,34], and to ensure that the production of sulfoconjugates was not an artefact of their
production on artificial media.
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Figure 33- Chemical structures of the known free Alternaria metabolites: Alternariol (AOH), Alternariol monomethyl ether
(AME), Altenuene (ALT), Dehydroaltenusin (DHA), Altenusin (ALU), Desmethylaltenusin (DMA), Altersetin (ALS) and
Maculosin (MAC).

Table 11- Accurate mass precursors of the conjugated Alternaria spp. metabolites, found by NLF of SO3 observed in ddMS2
spectra generated in negative mode
Free

Sulfated

Metabolite

RT (min)

m/z (error)

RT (min)

m/z (error)

Alternariol (AOH)

3.07

257.04554 (1.66 ppm)

2.76

337.00236 (0.74 ppm)

Alternariol monomethyl ether (AME)

3.53

271.06119 (1.17 ppm)

3.32

351.01801 (1.31 ppm)

Altenuene (ALT)

2.93

291.08741 (1.07 ppm)

2.78

371.04423 (1.90 ppm)

Dehydroaltenusin (DHA)

3.30

287.05611 (1.33 ppm)

3.38

367.01293 (1.54 ppm)

Altenusin (ALU)

3.23

289.07176 (1.83 ppm)

3.11

369.02858 (1.45 ppm)

Desmethylaltenusin (DMA)

2.75

275.05611 (1.86 ppm)

2.58

355.01293 (1.01 ppm)

Altersetin (ALS)

4.54

398.23368 (0.96 ppm)

4.41

478.19050 (1.36 ppm)

Maculosin (MAC)

2.44

259.10826 (0.63 ppm)

2.22

339.06563 (1.68 ppm)

65

Applying NLF analysis to the HRMS2 data from the liquid culture extracts led to the detection of
38 sulfoconjugated metabolites. Two were the previously reported metabolites, AOH-SO3 and
AME-SO3, six were determined to be the sulfoconjugated versions of known free Alternaria
metabolites, (Figure 33, Table 11), and 30 were unknown sulfoconjugated metabolites,
(Supplementary Table S1). All eight sulfoconjugated metabolites (six new, two known) were
detected in extracts from three week fermentations of liquid media. Fermentations of rice and
Cheerios afforded both known sulfoconjugates of AOH and AME, in addition to the new
sulfoconjugates of ALT, DHA, ALU and DMA. These Alternaria strains, which were previously
isolated from grains and fruit, have demonstrated their ability to produce sulfoconjugates on rice
and Cheerios, which suggests that these metabolites may be present alongside their free
metabolites in contaminated agricultural grains and foodstuff.

3.4 Conclusions and Future Work
NLF of HRMS2 data sets is a powerful tool for the rapid detection of sulfoconjugated
metabolites in cultures of Alternaria. Mass accuracy below 2 ppm drastically decreased
interfering signals that would otherwise result in the false identification of sulfated metabolites
by traditional analysis methods. Similar strategies employing neutral loss filtering could be
applied to the detection of other important conjugated mycotoxins, including glycosides.
Methods that are capable of detecting regulated mycotoxins in conjugated forms must be
developed and applied because of the potential for conjugated metabolites to either retain
biological activity or be reduced to the ‘free’ metabolite after consumption. This knowledge is
imperative to regulators so that safe levels of the toxic metabolite can be set and monitored in
both processed and unprocessed food products.

This work has been published in Rapid Commun. Mass Sp., however future work will focus on
the relative quantification of the sulfoconjugated metabolites. The presence of the sulfate group
increases the ionization efficiency in the mass spectrometer, therefore masking the actual
concentration of these sulfoconjugates relative to their free metabolites. However, by using a
sulfatase enzyme, we can cleave off the sulfate ester group from the free metabolite. Using
authentic standards of the free Alternaria metabolites, we can then compare the relative
intensities both before and after enzymatic digestion to the intensities from the free standards to
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obtain a relative concentration. The relative quantification method is particularly important due
to the lack of available commercial standards for the new sulfoconjugates.

Semi-targeted detection of total AAL-toxins and enniatins using product ion
filtering
3.5 Introduction
3.5.1 Alternaria arborescens and AAL-toxins
Some of the phytotoxins produced by Alternaria are also mycotoxins, as a number of Alternaria
secondary metabolites have demonstrated some cytotoxic or genotoxic effects in vitro. One of
the species, A. arborescens, which was first isolated from a tomato in California, USA, was
demonstrated to produce host-specific AAL-toxins.[117,139] AAL-toxins are structurally related to
fumonisins, which share a characteristic tricarballylic ester moiety which resembles cellular
sphinolipids (Figure 34).[23] Both AAL-toxins and fumonisins elicit similar genotoxic effects
within their host plants, resulting in the inhibition of cell proliferation, and rapid cell
apoptosis.[139] Similar to fumonisins, AAL-toxins have also demonstrated genotoxicity in
cultured animal hepatoma and kidney cells in vitro.[119,140] It has been demonstrated that both
fumonisins and AAL-toxins disrupt membrane and sphingolipid metabolism through disruption
of the ceramide synthase enzyme, resulting in cell death in the liver, kidneys and nervous
system.[141,142] While there is evidence to support fumonisin toxicoses in animals and humans,
there is a lack of current toxicological in situ information available for AAL-toxins.[143–148]

Tricarballylic ester
(TCE)

Figure 34- Commonly detected AAL toxins of current agricultural importance,
with highlighted TCE functional group
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AAL-toxin screening traditionally involves either Enzyme-Linked Immunosorbent Assay
(ELISA) toxicity testing, or a targeted search for TA, TB, TC, TD, and TE AAL-toxins in
positive ESI mode, though the molecules possess functional groups for both positive and
negation ionization.[149,150] Collisional activation in positive mode ESI yields information
regarding the backbone of the AAL-toxin, such as the number and relative location of hydroxyl
groups. Upon collisional activation in negative ionization mode, all AAL-toxins produce the
major common product anion C6H5O5- (m/z 157.0142) from the TCE group. Utilizing the
common anion of the TCE group by product ion filtering in negative mode allows for the
detection of total AAL-toxins in a sample, while positive ESI characterizes the detected
molecules. A semi-targeted ddMS2 method was made which included rapid polarity switching
between detection in negative mode, and characterization in positive mode, followed by manual
inspection of the TCE peak post data acquisition.
3.5.2 Fusarium and enniatins
Fusarium species are common plant pathogens of cereal grains and corn. In cereals, such as
wheat, barley, and oats, Fusarium infection results in a disease known as Fusarium Head Blight,
(FHB), which is also termed Gibberella ear rot if present in corn. The most common species in
Canada responsible for pathogenicity are F. avenaceum, F. graminearum, and F. culmorum,
which thrive in cool climates, and are also potent producers of mycotoxins. Fusarium infection
and subsequent mycotoxin contamination currently pose the greatest threats to Canadian crop
contamination, specifically in maize and wheat.
Enniatins exist as a class of cyclohexadepsipeptides, which are alternating residues of D-2hydroxyisovaleric acid, and differing amino acid side chains (Figure 35), which together, act as
ionophores in biological membranes.[151] In plants, enniatins are produced as non-specific
virulence factors during the infection process to overcome the cell wall barriers of the host.[152] In
addition to their phytotoxicity, enniatins are also emerging mycotoxins, primarily produced by
some members of Fusarium, including F. avenaceum, and the weakly pathogenic species F.
acuminatum and F. subglutinans. The most common enniatins are A, A1, B and B1, and are
frequently studied and detected in cereal grains, corn, ensiled feedstock for cattle, and even in
processed commodities for human consumption, such as flours, cereals , bread, and beer.[153–157]
Enniatins have demonstrated cytotoxicity in vitro to human carcinoma-line Hep G2 and
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fibroblast lung cells, and A, A1, B, and B1 have also demonstrated synergistic cytotoxicities
towards both ovarian and intestinal cells when combined.[158–160] The EFSA has also provided an
opinion on the risk of human toxicity of enniatins, and suggests that while there appears to be
associated genotoxicity in animals, the risk for acute toxicity is not of concern to humans, though
they mention that in vivo toxicity data are missing for a chronic exposure assessment.[161] There
are currently 29 enniatins described with various modifications to the depsipeptide skeleton and
functional groups, resulting in differences in toxicity. Many different species of Fusarium are
capable of producing diverse mixtures with varying concentrations of enniatins, both in vitro and
in situ. Many different modifications of the amino acid residues suggest that additional enniatins
may also exist.[162]

Figure 35- Cyclohexadepsispeptide skeleton, and commonly detected enniatins in agricultural products

Typically, enniatins are detected by LC-MS/MS or targeted screening methods for the common
A, A1, B and B1 molecules, with their toxicity reported as a total sum of all enniatins present. [27]
These methods may present challenges when screening for new or additional enniatins produced
by different species of Fusarium. On collisional activation in positive ionization mode, enniatins
produce shared product ions due to the cleavage of the depsipeptide skeleton. The common
product ion observed for enniatins is m/z 196.13321 (C11H17NO2)+, which is the result of ring
cleavage at the oxygens between the hydroxyisovaleric acid and isoleucine, where the R group is
an isopropyl (Figure 36). Another common product ion, which is especially common to A class
sec-butyl and iso-butyl-containing enniatins, is the m/z 210.14886 product ion, (C12H19NO2+).
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To overcome the detection challenges for the large variety of enniatins, the developed product
ion filtering experiment was modified to detect and characterize total and potentially new
enniatins using the product ions m/z 196.13321 and 210.14886.[163]

Figure 36- MS2 spectrum of enniatin B in positive ionization mode, showing the common 196.13321 product ion

Collisional activation of the depsipeptide ring at sufficient collision energy (approximately 30
NCE) results in intense fragment ions, which are indicative of the particular functional groups
present for enniatin characterization. However, the parent ion is lost, so the molecular formula
cannot be easily discerned. Consequently, lower collision energies (10 NCE) preserve the parent
ion, but there is little fragmentation for the proper characterization. To overcome this, the
method was modified to include a stepped collision energy setting of 30 and 10 NCE to
investigate total enniatins in individual cultures, and in processed flour products.

70

3.6 Experimental
3.6.1 Fungal material
The Alternaria arborescens type strain (CBS 102605), which was first isolated in California,
USA, was acquired from CBS (Centraal Bureau Voor Schimmelcultures), import permit No. P2014-03314. Strains of Fusarium avenaceum, F. acuminatum, F. subglutinas were provided by
Prof. David Miller from Carleton University, in Ottawa, Ontario. Morphological identifications
on the Fusarium cultures were performed by Dr. Keith A. Seifert at Agriculture and Agri-Food
Canada in Ottawa, Ontario. Strains known to produce AAL-toxins or enniatins were selected for
growth on agricultural sources that they naturally contaminate. Strains were prepared as 3-point
inoculations on PDA, and were incubated for 7 days at 25°C. Additional Fusarium strain
information is provided in Appendix A2 Table 3S.
3.6.2 Alternaria arborescens fermentation in tomatoes and extraction
Cherry tomatoes were purchased locally from a market in London, Ontario. Tomatoes were first
washed with reverse osmosis water, and then rinsed with sterilized distilled water. Tomatoes
were blot dry on sterile paper towels, and then irradiated with biocidal UV light at 254 nm in a
biosafety cabinet (Purifier Logic biological safety cabinet) for 10 minutes on each side. Surface
sterilized tomatoes were placed inside 2L Erlenmeyer flasks containing filter paper, (Whatman
P4, 125 mm) and capped with foam plugs. Fungal inoculum was prepared by macerating a 3 x 3
cm portion of the prepared PDA plate in 25 mL sterile water with a Polytron blender, before
adding the inoculant solution to the flask. Inoculated tomatoes were fermented for 3 weeks at
25°C. Fermented tomatoes were then blended using a laboratory blender, and 6 g aliquots were
placed in 50 mL Falcon tubes. The tomato aliquots were extracted with 15 mL extraction solvent
(79/20/1 acetonitrile/water/acetic acid) by sonication for 1 hour at 30°C. After the liquid was
allowed to settle, 1 mL of the extracted solution was filtered into an amber glass HPLC vial
using a 0.45 μm PTFE syringe filter, (ChromeSpec). Uninoculated tomatoes were also analyzed
to ensure there were no AAL-toxins.
3.6.3 General conditions, ddMS2 and rapid polarity switching- AAL-toxins from Alternaria
arborescens
HRMS and HRMS2 data were obtained using a Thermo Q-Exactive Quadrupole Orbitrap Mass
Spectrometer, coupled to an Agilent 1290 HPLC. A Zorbax Eclipse Plus RRHD C18 column
(2.1 x 50 mm, 1.8 µm; Agilent) was maintained at 35 ˚C. The mobile phase was comprised of
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water with 0.1% formic acid (A), and acetonitrile with 0.1% formic acid (B) (Optima grade,
Fisher Scientific, Lawn, NJ). Mobile phase B was held at 0% for 30 seconds, before increasing to
100% over three minutes. B was held at 100% for 1 minute, before returning to 0% B in 30
seconds. 2 µL injections were used at a flow rate of 0.3 mL/min. The following conditions were
used for HESI: capillary voltage, 3.7 kV in negative mode, 3.9 kV in positive mode; capillary
temperature, 400˚C; sheath gas, 17.00 units; auxiliary gas, 8.00 units; probe heater temperature,
450 ˚C; S-Lens RF level, 45.00. The full MS was first acquired in negative ion mode using
following settings: scan range, 450 – 850 m/z; resolution, 17 500; AGC, 5e5; max IT, 60 ms. The
5 most intense peaks in the data-dependent MS2 (ddMS2) spectra were sequentially mass selected
under a 1.0 m/z isolation window and analyzed at a resolution of 17 500; AGC target, 1e5; max
IT, 60 ms; NCE, 25; threshold intensity, 4.2e4; first fixed mass 75 m/z. Selected ions were
excluded from further MS2 scans for 6 s. A second full MS scan was acquired in positive mode,
followed by ddMS2 of the top 5 peaks at 17 500 resolution. Each MS2 dataset was first mined for
the tricarballylic product ion (m/z 157.0143 ±2 ppm) in negative mode. Any tricarballylic ion
peaks detected in the negative MS2 filters prompted both full MS and MS2 searches in positive
ion mode for the protonated or ammoniated adducts. Compounds and their transitions were
compared to authentic standards when available, as well as by comparison to literature values.
3.6.4 Fusarium spp. fermentation and extraction in liquid media and corn
Fusarium cultures were first inoculated into 200 mL enniatin liquid media as per Visconti et al,
1992, (Figure 37) and fermented for seven days in roux bottles.[164] Cells were filtered (Whatman
No. 1), and the filtrate was extracted first with ethyl acetate, and then with hexane. Ethyl acetate
and hexane extracts were evaporated to dryness, and reconstituted in 1 mL methanol before
syringe filtration with 0.45 μm PTFE filters (ChromeSpec). Samples were analyzed on the LCMS as described in 3.6.6.
Ensiled maize used for the Fusarium cultures was obtained from a local feed mill in Ontario,
Canada. 20 g of maize was left to imbibe overnight with 80 mL water in a 500 mL Erlenmeyer
flask. Prior to autoclaving, the water was decanted and then autoclaved on a solid cycle. Inocula
were prepared by excising 3 x 3 cm agar sections from Fusarium strains grown on Potato
Dextrose Agar (Sigma Aldrich), and grinding them in 25 mL sterile water. 10 mL of the prepared
inoculant solution was added to each flask, and the corn was allowed to ferment in the dark at
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25°C. After 1 week, the fungal mycelial mat containing the corn was first broken apart with a
spatula. Extraction solvent (79/20/1 acetonitrile/water/acetic acid) was prepared as per Varga and
Sulyok, 2013. 80 mL extraction solvent was added to each flask, followed by shaking on a rotary
shaker for 1.5 hours. Corn and mycelia were filtered (Whatman No. 1) into round bottom flasks,
and filtrates were dried by rotary evaporation. Extracts were reconstituted in extraction solvent
into 7 mL scintillation vials, and dried under a stream of nitrogen. Prior to LC-MS analysis, the
vials were reconstituted in 500 μL extraction solvent, before being diluted 1:1 with 20/79/1
acetonitrile/water/acetic acid and filtered into an amber glass HPLC vial using a 0.45 μm PTFE
syringe filter, (ChromeSpec). Uninoculated corn samples were also analyzed similarly (3.6.6) to
monitor for naturally-contaminated enniatins.

Figure 37- Fusarium isolates inoculated into liquid enniatin media (left) and maize
(right)

3.6.5 Extraction of naturally-contaminated flour for enniatin analysis
All-purpose unbleached, whole wheat, oat, barley, dark rye and gluten flour samples were
purchased from a commercial source in London, Ontario. 5.0 g ± 0.1 g samples were prepared
and extracted as per Sulyok et al., 2006 with the addition of an initial vortexing step, followed by
sonication for 15 minutes.[165] Extracts were diluted 1:1 with 20/79/1 acetonitrile/water/acetic
acid, filtered with a 0.45 μm PFTE syringe filter into HPLC vials, and analyzed by LC/MS2.
3.6.6 HRMS and MS2 analysis of total enniatins
HRMS and HRMS2 data were obtained using a Q-Exactive Quadrupole Orbitrap mass
spectrometer (Thermo Fisher Scientific), coupled to an Agilent 1290 high-performance liquid
chromatography (HPLC) system. A Zorbax Eclipse Plus RRHD C8 column (2.1 × 50 mm,
1.8 µm; Agilent) was maintained at 35 °C. The mobile phase was comprised of water with 0.1%
formic acid (A), and acetonitrile with 0.1% formic acid (B) (Optima grade, Fisher Scientific,
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Lawn, NJ, USA). Mobile phase B was held at 70% for 1 min, before increasing to 100% over
2.5 min. Mobile phase B was held at 100% for 1.5 min, before returning to 0% B in 1 min.
Injections of 2 μL were used with a flow rate of 0.3 mL/min. The following conditions were used
for positive HESI: capillary voltage, 3.9 kV; capillary temperature, 400 °C; sheath gas, 17.00
units; auxiliary gas, 8.00 units; probe heater temperature, 450 °C; S-Lens RF level, 45.00. The
full MS for the data-dependent MS2 (ddMS2) used the following settings: scan range, 75–
800 m/z; resolution, 70,000; AGC, 3e6; max IT, 250 ms. The five highest intensity ions from the
MS scan were sequentially mass selected under a 1.2 m/z isolation window and analyzed at a
resolution of 17,500; AGC target, 1e5; max IT, 60 ms; stepped NCE 10, 35; threshold intensity,
1.2e5. Selected ions were excluded from further MS2 scans for 10 s. MS2 datasets were inspected
for the 196 and 210 product ions for enniatins (± 1 mDa) post-acquisition using Xcalibur 2.0.
Unknown enniatins and cyclodepsipeptides were searched on Antibase 2013.

3.7 Results and Discussion
3.7.1 Total AAL toxins in artificially inoculated tomatoes
The application of the product ion filter of the TCE anion (m/z 157.0142) made for rapid analysis
of all precursor masses containing the product anion, (Figure 38). The product ion filter plot is
represented as a series of vertical lines corresponding to both the retention time and intensity of
the detected product anion in MS2 scans.
In total, 5 known AAL toxins and acetylated derivatives were detected using the product ion
filtering of the m/z 157.0142 product anion in negative ionization mode, (Table 12). All AALtoxins detected by the product TCE anion were further characterized by positive mode MS2 scans
and retention time comparison using rapid polarity switching.
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MS2 spectra containing m/z 157.0142

Figure 38- Product ion filter plot in negative ionization mode from artificially-infected tomatoes. The plot shows all MS2 spectra
which contain the TCE fragment, and the retention time that they were detected

Table 12- Total AAL toxins and molecules detected by the TCE product anion in tomato artificially inoculated with A.
arborescens

RT (min)

Precursor

Product anion

m/z

[M-H]

[M-H]

Precursor

Product cation

m/z

[M+H]

[M+H]

TA

2.60

520.3143

157.0143

522.3289

257.2260

Acetyl-TA

2.81

562.3259

157.0142

564.3405

257.2266

Acetyl-TA ketone

2.90

560.3126

157.0143

562.3271

255.2118

TB

2.72

504.3196

157.0143

506.3342

259.2406

TB-ketone

2.78

502.3042

157.0143

504.3187

257.2268

TD

2.97

546.3307

157.0143

548.3452

259.2423

TD-ketone

3.08

544.3147

157.0143

546.3292

257.2265

TE

3.28

530.3355

157.0142

532.3492

261.2578

TE-ketone

3.40

528.3194

157.0144

530.3330

259.2425

FB1

2.72

720.3842

157.0143

Unknown1

2.60

480.2600

157.0142

Unknown2

2.94

488.3384

157.0143

Unknown3

3.80

514.3344

157.0143
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Upon collisional activation in positive mode, the polyol backbone of AAL toxins results in initial
losses of water, followed by the loss of the TCE ester group, (Figure 39). On inspection, several
molecules also detected by product ion filtering displayed precursor masses 2.0157 Da smaller (H2) than the common AAL-toxins in both negative and positive ionization mode, suggesting the
addition of a double bond.

[Acetyl-TA + H]+

[Acetyl-TA ketone + H]+

Figure 39- Characterization of AAL toxins by MS2 spectra of acetyl-TA and the new acetyl-TA ketone AAL toxins in
positive ionization mode [158]

There is precedence for ketone-containing fumonisins in the literature, such as fumonisin AK1,
(FAK1) which is produced by Fusarium avenaceum during the biosynthesis of fumonisin by the
enzymatic replacement of the carboxylic acid on the TCE at C-15 with a ketone.[166,167] As FB1
was detected, it can be assumed that the enzyme functionality that would produce these ketoderivatives may be shared between F. avenaceum and A. arborescens. Thus, the compounds
were suspected to be ketone derivatives of TA, acetyl-TA, TB, TD, and TE, which have not yet
been reported. 3 unknown TCE-containing molecules were also detected from the artificially
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contaminated tomatoes, in addition to fumonisin B1 (FB1), which also contains the characteristic
TCE product anion.
3.7.2 Method validation for total enniatin analysis in artificially inoculated liquid media
and corn
The suitability of the 196 and 210 product ions for total enniatin analysis was first evaluated
using extracts from Fusarium cultures inoculated into enniatin liquid media, (Figure 40A) and
maize (Figure 40B). The liquid artificial media was conducive to the production of a wide
variety of enniatins, while the maize was indicative of whether the detected enniatins could be
produced on agricultural sources. The product ion filter plots (Figure 40A, B) suggest that the
196 fragment is commonly detected in the wide variety of enniatins produced. B-series enniatins,
which predominantly contain isopropyl R groups had more intense 196 fragments. A-series
enniatins, in addition to containing the 196 product ion, also contain secbutyl or isobutyl R
groups, which the 210 product ion is more selective for.

A

B

Figure 40- Product ion filter plots showing MS2 spectra containing the 196 and 210 fragments. A) Extract from F. avenaceum
inoculated into liquid artificial enniatin media B) Extract from F. avenaceum inoculated into maize
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Table 13- Total enniatins detected in artificially inoculated liquid enniatin media and maize using product ion filtering in positive
ionization mode
F. avenaceum

Enniatin

KAS1907

KAS1914

KAS2925

KAS2926

KAS2927

F. acuminatum

F. subglutinas

KAS1912

KAS2903

Media

Maize

Media

Maize

Media

Maize

Media

Maize

Media

Maize

Media

Maize

Media

Maize

B

+

+

+

+

+

+

+

+

+

+

+

+

+

+

B1

+

+

+

+

+

+

+

+

+

+

+

+

+

+

B2
A

+

A1

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

P1

+

+

P2

+

+

E1

+

+

+

+

+

+

+

+

E3

+

+

+

+

N

+

O1/2/3

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

C32H53N3O9

+

+

+

+

+

+

C33H55N3O9

+

+

+

+

+

+

+

C34H57N3O9

+

+

+

+

+

+

+

C35H59N3O9

+

+

+

+

+

+

C37H65N3O9

+

+

+

M1/M2

C30H51N3O9

+

+

+

C43H74N4O12

+

C44H76N4O12

+

C45H78N4O12

+

+

C46H80N4O12

+

+

C47H82N4O12

+

+

+
+

+

+
+

+

+

The artificial liquid media was more conducive to enniatin and cyclodepsipeptide production
than inoculated maize extracts, (Table 13). Product ion filtering using the 196 and 210 product
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ions

detected

23

total

enniatins,

enniatin-like

cyclodepsipeptides

and

unknown

cyclooctadepsipeptide metabolites from artificially inoculated liquid media, including 6
unknown enniatins (Supplementary Figure 3S) and 2 unknown cyclooctadepsipeptides (Table
13, Supplementary Figure 4S).
Several of the unknown enniatins detected in liquid media and maize contained fragments that
were 2.015 Da smaller (-H2) than the known enniatin class fragmentation, (Figure 41) suggesting
the addition of a double bond on the molecule.

Figure 41- MS2 spectra of the unknown enniatin (top) and enniatin B (bottom) in positive
ionization mode

Isolates from F. avenaceum and F. acuminatum produced the largest variety of enniatins, which
included series less commonly detected in agricultural products such as E, M, N, O and P. In
contrast, the commonly detected enniatins in maize were B, B1 and A1, in addition to several of
the unknown enniatins and unknown cyclooctadepsipeptide (CxHyN4O12) metabolites. The
presence of unknown enniatins and cyclooctadepsipeptides in maize suggests a potential risk for
their contamination in agricultural products.
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The cyclooctadepsipeptides produced by several species of fungi, (CxHyN4O12), were commonly
detected in F. avenaceum and F. acuminatum extracts, but were absent in F. subglutinans
extracts. This is especially important as F. avenaceum is the most frequently isolated enniatinproducing fungal species from maize affected by pathogenic Fusarium Head Blight (FHB) in
Canada.[126] These cyclooctadepsipeptides have not yet been reported to be produced by
Fusarium, though it seems likely that they share a similar biosynthesis with enniatins and
bassianolides.[168] Thus, the product ions selected were not only selective for the commonly
detected enniatins (A and B series), but were also selective for the other enniatin series and
related cyclodepsipeptide compounds.
3.7.3 Product ion filtering for the detection of total enniatins in naturally-contaminated
flour
It was demonstrated that there was a risk for the production of new enniatins and
cyclooctadepsipeptides in agricultural commodities. Therefore, commercial flour samples were
similarly screened using the validated product ion filtering method to assess the occurrence of
total cyclodepsipeptides in naturally contaminated agricultural products (Figure 42).
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Figure 42- Product ion filter plots in positive ionization mode showing MS2 spectra containing the 196 product ion. Extracts
were obtained from commercial flour samples

The data are similar to the artificially inoculated maize samples (Figure 40B), which shows the
presence of only enniatins B, B1 and A1. However, unlike the artificially contaminated maize
samples, the unknown enniatins and cyclooctadepsipeptides were not detected. Both the A and B
series enniatins are commonly detected due to their relative abundance over the other series of
enniatins produced by Fusarium. This is supported by previous studies where the A and B series
enniatins were detected in naturally contaminated wheat and processed flour samples.[169–171]
Vaclavikova (2013) reported that the concentration of enniatins A, A1, B and B1 decreased
during both flour processing and baking during beer and bread production.[170] During flour
production, much of the milling waste goes directly to animal feed, which introduces a slight
exposure risk during feed consumption. However, the risk for contamination by the new
enniatins and cyclooctadepsipeptides in processed flour is likely to be negligible, especially after
further baking or flour processing by chemical bleaching agents.

81

3.8 Conclusions and Future Work
Post data-acquisition product ion filtering of HRMS2 data sets was demonstrated to be an
effective method for the detection and characterization of total AAL-toxins and total enniatins
and cyclodepsipeptides in agricultural commodities. Despite the potential matrix effects of the
tomato and maize substrates, the high mass accuracy (± 2 ppm) and resolution of the Orbitrap
contributed to the observed sensitivities of the detected analytes, thus allowing for the discovery
of new AAL-toxins and enniatins. It was also demonstrated that these new AAL-toxins and
cyclodepsipeptides could be produced in agricultural products, demonstrating the risk for their
contamination, and the need to understand their occurrence.
Due to the lack of both toxicological data and readily available commercial standards, total
detection and characterization of AAL-toxins and cyclodepsipeptides by product ion filtering
may be an important regulatory tool for LC-MS screening of agricultural commodities. In
addition to known compounds, potentially unknown mycotoxins can be detected through product
ion filtering of MS2 scans, which would be missed using traditional targeted LC-MS methods.
Similar mycotoxin discovery methods have been applied to fumonisins, ergot alkaloids and
Stachybotrys toxins, though it remains unknown if the method has been employed for regulatory
screening purposes.
Product ion filtering of AAL-toxins was published along with new fumonisins in Rapid
Communications in Mass Spectrometry.[163] Compound isolation is on-going for the
characterization of the enniatin and cyclooctadepsipeptide unknowns by Nuclear Magnetic
Resonance (NMR). The product ion filtering for total enniatins in agricultural products will be
submitted to Toxins for a special issue on LC-MS/MS methods for mycotoxin analysis. Despite
not being detected in flour, the new cyclooctadepsipeptide metabolites and enniatins were
detected in silage (Chapter 4) for animal feed; those results will be published in the Toxins
article, in addition to the silage manuscript (in progress).
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Chapter 4- Combining data independent acquisition-digital
archiving mass spectrometry (DIA-DA) with next-generation
sequencing to profile fungal contaminated silage
4.1 Chapter 4 objectives
The research objective of this chapter was to create a comprehensive analysis of both the
microbial community profile, and the secondary metabolites detected in toxicosis-linked
contaminated Canadian silage.

4.2 Introduction

Farmers have become increasingly dependent on silage as a daily feed source for their livestock.
However, due to the ubiquitous nature of fungi such as Penicillium, silages are susceptible to
spoilage and mycotoxin contamination. Silage spoilage is not only a large profit loss for farmers,
but feed contamination by mycotoxins can cause genetic abnormalities and mycotoxicosis after
consumption, with many mycotoxins also possibly persisting in the animal byproducts, such as
the milk and meat.[41,172] Such contamination occurs both in the field prior to the crop being
harvested, during the transportation of the foraged material, and after traditional ensiling with
lactic acid-producing bacteria to promote storage capabilities.
While many mycotoxigenic fungi produce distinct secondary metabolites, some fungal genera
share similar biosynthetic pathways, and therefore share similar metabolites. For instance,
citrinin is a common fungal secondary metabolite shared between several species of Penicillium,
Aspergillus, and Monascus, all of which can be present in contaminated silage. While many
genera of fungi produce their own distinct metabolites, which implies their presence (satratoxins,
enniatins), evaluating the risk of specific pathogenic and mycotoxin-producing species based
solely on the metabolites observed is difficult. Predominant fungal species and seasonal
dynamics from contaminated silage have been well characterized.[17,173–176] Similarly, the in vitro
cytotoxicity of extracts from isolated fungal cultures has been evaluated as an initial toxicity risk
assessment in contaminated maize silage.[38] However, there is still a discrepancy between the
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production of mycotoxins on artificially (in vitro) and naturally contaminated (in situ)
sources.[177] Similarly, due to differing growth conditions between the field, post-harvest and
ensiling environments, different fungi may be preferentially producing differing mycotoxins at
different times. Additionally, not all mycotoxigenic species are culturable; many preharvest
fungi are outcompeted and replaced by postharvest storage fungi.[174] This introduces a disparity
between the mycotoxins and secondary metabolites actually detected in the silage, and the
species that in fact produced them, which is imperative for generating risk assessments to assist
farmers. Molecular methods are required in tandem to fill in the gaps between the secondary
metabolites and the fungi present in order to evaluate the principal source of toxin production;
such information is vital for farmers to implement farming practices aimed at targeted mycotoxin
prevention. Denaturing gradient gel electrophoresis (DGGE), which is a qualitative PCR-based
approach, has been used to profile total microbial dynamics in artificially inoculated silage. [178]
However, DGGE is a time consuming method to obtain the genus and species level
identifications of individual excised bands, so it is typically used for monitoring the dynamics of
predominant fungal and bacterial species. The trend for evaluating microbial diversity has
diverged towards next-generation sequencing (NGS), which uses unique barcoded primers to
obtain microbial profiles from the total DNA present. NGS is capable of potentially detecting
thousands of species which are otherwise difficult to isolate, and has already been used to
describe the bacterial biodiversity in silage used for biogas production.[179]
Numerous multi-mycotoxin monitoring studies of animal feed have previously reported that the
majority (≥ 75%) of the samples tested contained more than one mycotoxin, which even at trace
levels, could be toxic to livestock when consumed.[180] Thus, there are concerns regarding
synergistic toxicities from both known and potentially unknown mycotoxins and secondary
metabolites co-occurring in agricultural products. Masked and conjugated mycotoxins, which
commonly evade traditional targeted screening methods, are also detected in food
products.[26,111,163] Due to advances in instrumentation, new and conjugated mycotoxin
derivatives are being described more frequently, but typically require additional method
development and validation prior to analysis on foodstuffs. In addition, incorporating any newly
described mycotoxins into a method to screen older samples requires that the sample be re-run
and re-analyzed. As traditional targeted or data-dependent MS2 (ddMS2) LC-MS screening
techniques rely solely on the detection of known regulated mycotoxins with available
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commercial standards, there is little emphasis on the emerging or conjugated mycotoxins which
tend to lack toxicological data for regulatory purposes. Malachova et al., (2014) built on
successful screening methods developed from Sulyok and others, (2006) to detect 295 bacterial
and fungal secondary metabolites, which was later validated in food products.[165,181] As strict
regulatory guidelines for mycotoxin allowances in food and feed change, the number of
mycotoxins that will need to be screened in a single run will invariably increase.
Though commonplace in proteomics, liquid chromatography data independent acquisition MS
(LC-DIA) has only recently been validated in Fusarium graminearum infected maize for
mycotoxin analysis.[182,183] The non-targeted small molecule analysis method developed by
Renaud and Sumarah, (2016) combines the sensitivity from the introduction of small mass
windows, (11, 15, and 20 Da) with the selectivity of a high resolution ion trap mass
spectrometer.[183] Selective analysis over the three mass ranges allowed for digital archiving
(DA) of all ionisable compounds within the samples for successful retrospective analysis of the
newly reported 15-acetyl-DON-3-O-β-D-glucoside without sample re-analysis.[184]
Beyond the predominant species and mycotoxins detected in spoiled silage, there is limited
information available regarding the fate and toxicities of co-occurring mycotoxins from
contaminated silage after being fed to livestock; especially in meat and milk.[41] Similarly, little
is known about the cool climate total fungal and bacterial microbiota in Canadian silage samples
that can influence the toxins actually detected in silage; such information could provide a risk
assessment of the potential mycotoxins that may be produced by the fungi present in cooler
climates as conditions become more favourable for their production. By combining nextgeneration sequencing (NGS) with liquid chromatography-MS DIA-DA, unique metabolomic
and microbial profiles can be compiled from contaminated silage samples from 26 Canadian
farms. As mycotoxigenic fungi and emerging secondary metabolites become of regulatory
importance, both the digitally archived LC-MS silage samples and the NGS data can be mined
for retrospective analysis.
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4.3- Experimental

4.3.1 Silage material
Silage material, which included maize, barley and haylage silage blends, was collected by Dr.
Danica Baines, (Agriculture and Agri-Food Canada, Lethbridge, Alberta). Visibly mouldy silage
(hot spots) were selected from 26 Canadian production sites in Alberta, Saskatchewan and
Ontario where dairy goats and beef cattle were experiencing variable signs of toxicoses.[185–187]
Site 24 had to be removed from data processing due to a lack of material available for paired
metabolite extraction.
4.3.2 Fungal isolations and identification
Raw silage material was plated on Potato Dextrose Agar (PDA, Sigma-Aldrich), PDA
supplemented with 50 mg/L chloramphenicol (Sigma-Aldrich) and Czapek Yeast Autolysate
Agar (Czapek-dox broth and 5 g/L yeast extract, Sigma-Aldrich).[188] Growing colonies were
isolated as single spore isolates onto PDA using the dissecting microscope (Nikon SMZ745T)
for 3-point inoculations. Representative isolated species were deposited within the Canadian
Collection of Fungal Cultures, (Ottawa, ON, Canada). The DNA of each isolated species was
extracted using the MoBio PowerLyzer UltraClean Microbial DNA Isolation Kit (MoBio
Laboratories, Solana Beach, CA, USA) using a bead-based homogenization, (Bio101 Savant
FastPrep FP120 cell disrupter). Isolated DNA was used in PCR using ITS1/4, βtub2a/2b, and
An/Aw primers (Invitrogen, Supplementary Table 4S) using an Eppendorf Mastercycler Nexus
Gradient Thermal Cycler.[81,189,190] PCR mixtures were performed in a total volume of 25 µL, and
consisted of 2 µL genomic DNA, (15 ng/µL), 20 µL Platinum Blue SuperMix (Invitrogen,
Carlsbad, CA, USA), and 0.6 µM of each forward and reverse primer (4.2.2.1).
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4.3.2.1 PCR Conditions
ITS1/4 and βtub2a/2b Primers
Both the ITS and β-tubulin regions were amplified using an initial denaturation step of 94 °C for
three minutes, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s with a
final elongation step at 72 °C for five minutes.
An/Aw Primers
The A. niger (An) and A. welwitschiae (Aw) specific primers were used to confirm the identity of
any A. niger isolates from the β-tubulin sequences, and have been previously optimized by Qi,
2016.[191] AnF/R primers were amplified using an initial denaturation step of 95 °C for five
minutes, followed by 35 cycles of 95 °C for 30 s, 62.3 °C for 30 s, and 72 °C for 30 s with a final
elongation step at 72 °C for five minutes. AwF/R primers were amplified using an initial
denaturation step of 95 °C for five minutes, with 35 cycles of 95 °C for 30 s, 61.1°C for 30 s, 72
°C for 30 s, with a final elongation step of 72 °C for five minutes.
4.3.2.2 Sequencing analysis
PCR products were cleaned using ExoSAP-IT (Affymetrix, Santa Clara, CA, USA), and
sequenced in forward and reverse directions at the Robarts Research Institution, (Western
University, London, ON, Canada) using 4 µL PCR product with 2 µL of each forward and
reverse primer (2 µM stock solutions). Forward and reverse sequences were aligned using
SeqMan Pro software (Lasergene 10 Core Suite, DNASTAR) and trimmed to exclude terminal
nucleotides. Aligned sequences were searched using NCBI GenBank using the nucleotide
BLAST (Basic Local Alignment Search Tool) interface for fungal organisms. Sequences were
confirmed by matching sequences from type material using a query coverage cut-off and an
identification confidence of ≥ 95%. Sequences were further confirmed by comparison to
generated phylogeny from the generated distance blast tree results using the fast minimum
evolution method.
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4.3.3 Next-generation sequencing of total silage DNA
Silage samples were lyophilized and ground into a powder using mortar and pestles under liquid
nitrogen; both the mortar and pestles were soaked in 25% bleach and wiped clean with 70%
ethanol prior to use to limit DNA carryover. DNA was extracted from approximately 3 g ground
material using the MoBio PowerMax Soil DNA Isolation Kit (10 g, MoBio Laboratories, Solana
Beach, CA, USA). Prior to PCR, the DNA was cleaned using DNA Clean and Concentrator
(Zymo Research Corporation, Irvine, CA, USA). PCR analysis was performed in 25 µL final
volume, using 1.0 – 4.0 µL purified DNA, 12.5 µL AccuStart PCR Toughmix (Quanta
Biosciences, Beverly, MA, USA), and 1.25 µL of each forward and reverse primer,
(Supplementary, Table 5S).
4.3.3.1 PCR Conditions
All PCR conditions were previously developed and validated by Asemaninejad et al., 2016 using
LSU200A-F, LSU476A-R ascomycete-specific primers, and 16S rRNA-based bacterial primers
(V4) in Dr. Greg Thorn’s research laboratory, (Western University, Department of Biology,
London, ON, Canada).[83]

Ascomycete-specific primers (LSU200A-F, LSU476A-R) and 16S rRNA-based bacterial primers
(V4)
For amplification, an initial denaturation step of 94 °C for two minutes was applied, followed by
29 cycles of 94 °C for 30 s, 55 °C for 30 s (first cycle only, 62 °C for 30 s for the remainder), and
an elongation temperature of 72 °C for 18 s.
4.3.3.2 Sequencing analysis
PCR products were sent to the London Regional Genomics Centre (Robarts Research Institute,
lrgc.ca, London, ON, Canada) and quantified using a Qubit 2.0 Fluorimeter using doublestranded DNA-specific fluorescent probes (dsDNA HS assay kit, Life Technologies) for
normalization, prior to being processed for paired-end MiSeq Illumina sequencing (2 x 300 bp
cycles, version 3 reagents). Raw FASTQ was analyzed using an established processing pipeline
from Dr. Greg Gloor, (Western University, Department of Biochemistry, London, ON,
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Canada).[192] The PANDAseq assembler (Paired-end assembler for DNA sequences) was used to
overlap reads, using a minimum overlap of 30 nucleotides, and any ambiguous or mismatched
reads were removed. FASTQ output from the pipeline was grouped into identical sequence units
(ISUs) by identity. Chimeras were removed using UCHIME, and sequences were grouped as
operational taxonomic units (OTUs) at 97% similarity to a centroided representative sequence
within each OTU using UCLUST within USEARCH v7.0.1090.[193,194] OTUs with less than 1%
abundance of the total reads per sample were removed from the dataset. MOTHUR v.1.35.1 was
used for taxonomic assignment for each OTU group using assignment using the UNITE database
(for ascomycetes) and SILVA (for bacteria) with a 95% similarily cut-off at the highest
confidence taxonomic rank.[195,196] Non-specific OTUs corresponding to basidiomycete sequence
matches were removed. Taxonomy assignments were verified using NCBI BLAST searching
(Ascomycetes) and the Ribosomal Database Project (RDP, rdp.cme.msu.edu) using SeqMatch
(bacteria).[197] Weighted UniFrac distances between samples, representing beta diversity used for
dendrogram production, was calculated using QIIME.[198] Barplots were produced using sample
proportions in R (r-project.org), and were clustered by beta diversity similarity according to the
calculated weighted UniFrac distances.
4.3.4 Plug extraction of isolated fungal cultures
3-point inoculations of isolated fungal cultures were incubated at 25 °C on PDA for seven days.
Screening of the isolated strains was performed by removing six agar plugs from each threepoint inoculum using a 6 mm cork borer and extracting the plugs with ethyl acetate containing
1% formic acid (Sigma, St. Louis, MO) prior to LC-MS screening by ddMS2 and DIA.[91,199]
4.3.5 Metabolite extraction of silage
Lyophilized ground silage samples (0.5 ± 0.02 g) were extracted as Sulyok et al., 2006 using 2
mL 79/20/1 ACN/H2O/HAc.[165] Samples were vortexed for 30 seconds prior to placement on a
rotary shaker for 90 minutes. Following centrifugation, the supernatant was diluted 1:1 with
20/79/1 ACN/H2O/HAc and filtered through 0.45 µm PTFE syringe filters into amber vials for
LC-DIA analysis. 5 µL of the diluted sample was injected on column for LC-DIA analysis.
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4.3.6 LC-HRMS, ddMS2 analysis for isolated cultures
HRMS and HRMS2 data were obtained using a Thermo Q-Exactive Quadrupole Orbitrap Mass
Spectrometer, coupled to an Agilent 1290 HPLC. A Zorbax Eclipse Plus RRHD C18 column
(2.1 x 50 mm, 1.8 µm; Agilent) was maintained at 35 ˚C. The mobile phase was comprised of
water with 0.1% formic acid (A), and acetonitrile with 0.1% formic acid (B) (Optima grade,
Fisher Scientific, Lawn, NJ). Mobile phase B was held at 0% for 30 seconds, before increasing to
100% over three and a half minutes. B was held at 100% for 1 and a half minutes, before
returning to 0% B in 30 seconds. 2 µL injections were used at a flow rate of 0.3 mL/min. The
following conditions were used for negative HESI: capillary voltage, 3.7 kV; capillary
temperature, 400˚C; sheath gas, 17.00 units; auxiliary gas, 8.00 units; probe heater temperature,
450 ˚C; S-Lens RF level, 45.00. The full MS for the data dependent MS2 (ddMS2) used the
following settings: scan range, 75 – 800 m/z; resolution, 70 000; AGC, 3e6; max IT, 250 ms. The
five highest intensity ions from the MS were sequentially mass selected under a 1.2 m/z isolation
window and analyzed at a resolution of 17 500; AGC target, 1e5; max IT, 60 ms; NCE, 35;
threshold intensity, 1.2e5. Selected ions were excluded from further MS2 scans for 10 s. The
most intense peaks from the mass spectra were analyzed using Thermo Xcalibur Qual Browser
software. Unknown metabolites were searched in AntiBase 2013 and SciFinder. In addition to
ddMS2, all plug extracts were similarly run using the DIA method, (4.2.7). All metabolite
information from the plug extracts, including precursor mass, five fragments and retention time,
were recorded in the digital archive database.

4.3.7 LC-HRMS DIA analysis for isolated cultures and contaminated silage

Mass spectra were acquired using a Thermo Q-Exactive Orbitrap mass spectrometer coupled to
an Agilent 1290 HPLC using a Zorbax Eclipse Plus RRHD C18 column (2.1 x 50 mm, 1.8 µm,
Agilent). The following LC-MS conditions are as reported by Renaud and Sumarah, 2016.[183]
Two uL of sample were injected on column, which was maintained at 35 °C. A flow rate of 0.3
mL/min was used for analyte separation, using LC-MS grade (Thermo Scientific, Fairlawn, NJ)
water with 0.1% formic acid (mobile phase A) and acetonitrile with 0.1% formic acid (mobile
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phase B) as mobile phases. Mobile phase A was held at 100% for 30 seconds, before decreasing
to 0% over three minutes. A was held at 0% (100% B) for 2 minutes, before returning to 100%
mobile phase A over 30 seconds. Heated electrospray ionization (HESI) had the following
conditions for full MS analysis: capillary temperature, 400 °C; sheath gas, 17 units; auxiliary
gas, 8 units; probe heater temperature, 450 °C; S-Lens radiofrequency (RF) level, 45%; capillary
voltage 3.9 kV; resolution, 35,000.

DIA analysis used the following settings: normalized

collision energy (NCE), 35; automatic gain control (AGC), 2e5, injection time (IT), 64 ms;
resolution, 17,500. Three independent six minute LC runs were conducted for three mass ranges:
low mass (LM, 130-350), medium mass (MM, 350-650) and high mass (HM, 650-1050). LCDIA-DA settings (Table 14) were optimized based on the mass distribution of 86 fungal
secondary metabolite standards (Supplementary, Table 6S) to include for 2 full MS and 20 MS2
scans across each mass range. All 86 fungal secondary metabolite standards were placed into the
digital archive for silage sample analysis using Thermo Scientific Xcalibur software. Similarly,
all DIA files have been recorded in the digital archive for retrospective analysis. Confidence
levels for positive secondary metabolite identification was modified from SANCO/12495/2011
for pesticide analysis, which requires ≥ 2 product ions in addition to the HRMS precursor
molecular ion, and retention time tolerance ± 2.5% of the run time.[56] Due to the matrix
complexity, fungal secondary metabolites from contaminated silage were positively identified in
samples processed at a higher confidence level to include six total features, which included the
retention time, precursor molecular ion, and four associated fragments.

Table 14- Optimized LC-DIA conditions for 3 separate LC runs

Method

Mass range (m/z)

Mass window size (Da)

Cycle time (s)

LM

130-350

11

2.3

MM

350-650

15

2.3

HM

650-1050

20

2.3
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4.4 Results and Discussion
4.4.1 Isolated fungal cultures
From the 26 Canadian sites, 26 unique species (Table 15, Supplementary Table 7S) were isolated
from contaminated barley, haylage, silage and corn silage, including 11 species of Penicillium.
The most commonly isolated species were Penicillium roqueforti, P. paneum, P.
aurantiogriseum, P. crustosum, species belonging to the Aspergillus genus, and Monascus ruber.
The large proportion of Penicillium species and their secondary metabolites has been previously
observed for cool climate regions, while Aspergilli are more commonly isolated from warmer
climate regions.[183,200–203] Similar Penicillium species proportions (P. roqueforti, P. paneum, P.
crustosum) have been reported from cool climate regions.[201,204] In Quebec, the most commonly
detected Penicillium species from contaminated silages associated with ruminant toxicosis was
P. paneum.[201] Fusarium, which is exclusively a cool climate pre-harvest pathogen, was isolated
from individual ensiled maize kernels, but not from haylage or barley. Many of the genera
detected, such as Fusarium, Penicillium and Aspergillus, produce potent mycotoxins that have
been regulated and monitored by Health Canada and the Canadian Food Inspection Agency
(CFIA) in food and feed (Supplementary, Table 8S).[205] Many of the additional genera isolated
have been reported to produce secondary metabolites which have associated regulatory guidance
values in Canadian food and feed based on recommendations by the Food and Agriculture
Organization of the United Nations (FAO).[205]

92

Table 15- Fungal species isolated from contaminated silage. *Indicates that the fungus has been previously isolated from silage
(Alonso, V.A et al., 2013). Bolded species were commonly isolated from the contaminated sites

Species isolated

Primer for DNA sequencing

Aspergillus fumigatus*

B-tubulin2a/b

Aspergillus nidulans

B-tubulin2a/b

Aspergillus welwitschiae

B-tubulin2a/b and A. welwitschiae/A. niger-specific primers

Aspergillus glaucus

ITS1/4

Chaetomium globosum

ITS1/4

Cladosporium sp.*

ITS1/4

Fusarium sp.*

ITS1/4

Geotrichum sp.*

ITS1/4

Gliocladium roseum

ITS1/4

Iprex lacteus

ITS1/4

Leptosphaeria sp.

ITS1/4

Monascus ruber*

ITS1/4

Mucor circinelloides*

ITS1/4

Myceliophthora lutea

ITS1/4

Penicillium atrovenetum

B-tubulin2a/b

Penicillium aurantiogriseum

B-tubulin2a/b

Penicillium crustosum*

B-tubulin2a/b

Penicillium flavigenum

B-tubulin2a/b

Penicillium griseofulvum*

B-tubulin2a/b

Penicillium nordicum

B-tubulin2a/b

Penicillium paneum*

B-tubulin2a/b

Penicillium roqueforti*

B-tubulin2a/b

Penicillium rugulosum

B-tubulin2a/b

Penicillium simplicissimum
(Talaromyces
rugulosis)
Penicillium viridicatum

B-tubulin2a/b

Pseudallescheria boydii

ITS1/4

B-tubulin2a/b

4.4.2 Secondary metabolites from isolated cultures
Individual isolated cultures from the Penicillium and Monascus genera were assessed for their
potential to produce mycotoxins and secondary metabolites under artificial conditions. 72 known
(Table 16) and 53 unknown (Supplementary Table 9S) secondary metabolites and mycotoxins
were detected from the plug extracts.
Several isolated Penicillium species produced regulated mycotoxins such as patulin, in addition
to OTA, which was produced by P. nordicum. Both detected toxins are of current concern to
Canadian agriculture for their inherent trace-level toxicity, as well as their predominant presence
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in apple-based and wheat-based commodities respectively. Other unregulated Penicillium
secondary metabolites with reported animal toxicoses are PR toxin and penitrem A, which were
also detected from the isolated cultures.[201,206]
4.4.3 Secondary metabolites from contaminated silage and retrospective analysis

Of the 125 mycotoxins and secondary metabolites produced on artificial media, only 48 of those
same secondary metabolites were detected in the silage, (Table 16, Supplementary Table 9S).
This is in agreement with previous studies that observed dramatic differences between
metabolites reported in artificial media, and metabolites reported from naturally contaminated
material.[177,207] Monascus ruber, which was commonly isolated from contaminated silage,
produced the largest variety of secondary metabolites in situ, which were subsequently detected
in the silage sites. In addition to citrinin, numerous related Penicillium metabolites (Table 15),
and six unknown secondary metabolites (Supplementary Table 9S), monacolin K (Lovastatin)
was also detected in the silage. Lovastatin, which is a commercially manufactured cholesterollowering drug, has been frequently detected in silages in considerable quantities.[208,209] The
presence of Lovastatin in silages has been associated with the interference of ruminant gut
mycoflora by inhibiting ergosterol synthesis of beneficial cellulolytic fungi, thus restricting fiber
digestion.[209]
PR toxin, which was detected in the silage and produced artificially by P. roqueforti, has been
previously linked to the primary cause of ruminant toxicosis in Quebec from contaminated maize
silages.[201] Similarly, maize silage infected with P. roqueforti in which PR-toxin was the major
secondary metabolite, was associated with loss of appetite, abortion, and gut inflammation in
cattle.[210–212] Penitrem A, which was also detected in both contaminated silage and plugs, has
also been reported to cause acute acute toxicity in dogs.[206]
Using the DIA fungal metabolite database, 42 secondary metabolites were detected in the 26
sites. The 42 secondary metabolites were predominantly associated with Penicillium spp.
contamination, and includes andrastins, brevianamides, penitrem A, griseofulvin, cyclopiazonic
acid, among others, (Table 16). Though Penicillium spp. are not strictly postharvest ensiling
pathogens, their predominance does coincide with the large variety of Penicillium secondary
metabolites detected.
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Table 16- Mycotoxins and secondary metabolites detected in the plug isolates and extracted silage

Metabolite
15-acetyldeoxynivalenol (DIA)
3/4/7-hydroxycoumarin
12-Methoxycitromycin
Anacine
Andrastin A
Andrastin B
Andrastin C
Andrastin D
Andrastin E/F
Altenuene (DIA)
Altenuene-SO3 (Retrospective)
Alternariol (DIA)
Alternariol monomethyl ether
Alternariol monomethyl
ether(DIA)
Altenusin-SO
(Retrospective)
SO3 (Retrospective)
3
Aspergione C (Retrospective)
Atranone B (DIA)
Aurantiamine
Aurantiomide A
Aurantiomide B
Aurantiomide C
Beauvericin (DIA)
Bostrycin (DIA)
Brevianamide K
Brevianamide V
Bromogriseofulvin
Chaetoviridin A (DIA)
Chaetoglobosin A
Chaetoglobosin C
Chermesinone A
Citreopyrone E
Citrinalin A/B
Citrinin (DIA)
Comazaphilone B?
Culmorin (DIA)
Curvularin
Cyclo(∆-Ala-L-Val)
Cyclo(L-Phe-L-Pro)
Cyclo(L-Pro-L-Leu)
Cyclopeptine
Cyclopiamine A/B
Cyclopiamine A/B- related
α-cyclopiazonic acid (DIA)

Plugs
Xa
Xa
Xb,c
Xa,d,e,f,g
Xa,d,g,e
Xa,d,e,f,g
Xa,d,g,e
Xa,d,g,e

b

X
Xb
Xb
Xb

Xc
Xc
Xh

Xe
Xi
Xh
Xa,c,h,i
Xi
Xa
Xi
Xi
Xa
Xd
Xh
Xh

Silage
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Metabolite
Ergocorninine (DIA)
Ergocryptinine (DIA)
Fumonisin B1 (DIA)
Fumonisin B2 (DIA)
Fumonisin B3 (DIA)
Fusarenon X (DIA)
Fusarubin (DIA)
Gibberelllin A
Glandicoline B
Griseofulvin (DIA)
HT-2 toxin (DIA)
5-hydroxyculmorin
Kandavanolide
Koninginin A (DIA)
Koninginin E (DIA)
Lovastatin (Monacolin K)
Macrosporin
Maculosin
Marcfortine A
Marcfortine B
Marticin (DIA)
Meleagrin (DIA)
Mellein (DIA)
Methylenolactocin
Monapurone A
Monascin
Monascumic acid
Monasfluore
A
(retrospective)
N6-Formyl roquefortine C
Neosolaniol (DIA)
OTA
OTB
OTB Me
Patulin*
Penicitrinol H
Penitrem A (DIA)
Phacidin (DIA)
PR Toxin
Pyrenocine C
Pyrenopherol
Restrictinol (Retrospective)
Roquefortine C (DIA)
Roquefortine F

Plugs

Xg
Xg
Xh

Xe

Xi

Xa
Xa
Xg,h
Xc
Xi
Xi
X
Xi
Xd,e,g

Silage
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Xc
Xc
Xc
Xa,h
Xi
Xd,g
Xe
Xj

Xa,d,e,g,h
Xe,g

(X)
X
X
X
X
X
X

Dechlorogriseofulvin
Dehydrocurvularin
Dehydroaltenusin-SO3
Deoxynivalenol
(Retrospective)
3/15-deoxynivalenol glucoside
Descarestrictin
E
(DIA)
Descarestrictin I
Dihydrocitrinin
Dihydrocurvularin
Enniatin A1 (DIA)
Enniatin B (DIA)
Enniatin B1 (DIA)
Epoformin
Eremofortin A
Eremofortin B
Eremofortin C
Eremofortin D

Xh
Xa

X

Rubropunctatin
Satratoxin G (DIA)
Satratoxin H (DIA)
Sclerotigenin
Simplicissin
Sterigmatocystin (DIA)
3,7,15T-2 Toxin (DIA)
triacetyldeoxynivalenol
Terrestric
(DIA) acid
Viridicatin (DIA)

X
X
X
Xj
Xi
Xi
Xa
X

Xb
Xe
Xe
Xe
Xe

X
X
X
X
X

Walleminone (DIA)
Wortmannilactone F
Xanthomegnin
Zearalenone (DIA)
15-acetyl-DON-3-O15-acetyl-DON-3-sulfate
glucoside

Xi
X
X
Xc
Xf

Xb,d
Xd

X
X
X
X
X
X

e,f

X
Xj

X

X

Legend: aPenicillium paneum, b P. aurantiogriseum, c P. nordicum, d P. crustosum, e P. roqueforti, f P.
simplicissimum, g P. flavigenum, h P. griseofulvum, I Monascus sp., j P. viridicatum

Though OTA was produced in artificial plug extracts from P. nordicum, it was not detected in
contaminated silage. OTA contamination by P. nordicum commonly occurs during the
postharvest storage of wheat or cereal commodities; however it was not detected under ensiling
conditions. However, there is still potential for OTA to be detected in ensiled material after its
postharvest production, as it is stable in stored grain.[213] It is unknown whether P. nordicum
could continue producing OTA as conditions become more favourable for its growth during
further silage spoiling.
There were numerous mycotoxins and secondary metabolites detected, which are associated with
preharvest pathogens and other contaminant fungi which could not be isolated, such as Fusarium
spp., Alternaria spp., Stachybotrys spp., Trichoderma spp., and Claviceps spp.. Enniatins were
detected in high abundances in both silage and maize silage, in addition to the regulated
mycotoxins deoxynivalenol (DON, vomitoxin) and HT-2 toxin which implies the presence of
Fusarium as a preharvest pathogen in cereal or maize crops. Likewise, the ergot alkaloids
ergocorninine and ergocryptinine produced by Claviceps spp. were detected in a single site
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comprised of barley silage. Ergot alkaloids are concentrated in sclerotia that grow on cereal
crops, and are removed during the milling and cleaning of the grain destined for human
consumption.[214] However, much of the spent grain from the milling process is destined for
livestock feed, and thus would concentrate the ergot sclerotia and alkaloids in the feed.
Exposure to ergot alkaloids by ruminants, which can accumulate in tissues, has been associated
with constriction of blood vessels resulting in the inability of the animal to modulate its body
temperature, and a decrease in prolactin release in dairy cattle.[215]
In contrast, N6-formyl roquefortine C, which was detected in the plug extracts, and was
previously reported in maize silage artificially inoculated with P. roqueforti, was not detected in
naturally contaminated maize silage.
The effectiveness and sensitivity of the DIA method is demonstrated in the retrospective analysis
of trace molecules. Using retrospective analysis, seven additional secondary metabolites with
published high resolution mass spectra were confirmed, including several sulfoconjugated
secondary metabolites produced by Alternaria. Despite their poor ionization efficiencies in
positive ionization mode, numerous features were detected using previously analyzed spectra
that allowed for their characterization in positive ionization mode. The implementation of a
negative mode DIA could render the poor ionization efficiencies for both Alternaria secondary
metabolites, and the regulated Penicillium mycotoxin patulin.
4.4.4 Next-generation sequencing of fungi for the community profiling of contaminated
silage

Some of the secondary metabolites detected in silage implied the presence of several fungal
genera, but were not isolated, such as Fusarium, Alternaria, Stachybotrys, Trichoderma and
Claviceps. It becomes important to be able to confirm the fungi producing the secondary
metabolites in order to control for their occurrence during preharvest or postharvest conditions.
Assigning potential taxonomy to detected secondary metabolites becomes difficult, as numerous
genera can share biosynthetic gene clusters, which produce shared classes of mycotoxins. For
instance, both Fusarium and Stachybotrys produce different mycotoxins, (non-macrocyclic and
macrocyclic respectively) within the trichothecene class, and are isolated in different substrates
and conditions.[216] Similarly, koninginins, which are predominantly produced by Trichoderma,
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can also be produced by certain species of Penicillium.[217] Thus, next-generation sequencing was
used to obtain fungal profiles of the contaminated sites to both confirm the presence of suspected
mycotoxigenic fungi, and to examine their relative species proportions which can be linked to
their detected secondary metabolites.
NGS was used to estimate the biodiversity of fungi in contaminated silage, which includes minor
fungal populations, and preharvest mycotoxigenic fungi which cannot easily be isolated under
standard conditions. The most common fungal species associated with silage spoiling between
all sites were Penicillium sp., Monascus ruber and Aspergillus sp., which coincides with the
predominant fungi that were isolated. However, the majority of fungal species detected by NGS
were of preharvest origin, such as several species of Fusarium, Verticillium, and Alternaria
(Figure 43).
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Figure 43- Barplot of Ascomycetes by proportion in contaminated silage, showing the most abundant 26 fungal species. The
commonly detected species between sites are listed in highest abundance to lowest abundance from bottom to top

Several species of Fusarium were detected, including F. equiseti, and F. graminearum, which
can produce the secondary metabolites DON and zearalenone. Interestingly, F. avenaceum,
which can produce enniatins, was not as predominant as F. graminearum and F. equiseti
(Supplementary Table 10S), despite the high concentration of enniatins detected in the silage.
A caveat of the general fungal primer design, which was based on the D1 variable of the nuclear
large ribosomal subunit region, lies in the differentiation between species of Penicillium. While
11 species of Penicillium were independently isolated from the contaminated silage, the nonspecificity of the D1-based primer only distinguished three DNA sequences, (OTUs) at the cutoff level. Thus, the different species were likely grouped together as different reads within the
three OTUs.
In contrast, Trichoderma, Stachybotrys and Claviceps were not detected by NGS, despite the
presence of their characteristic secondary metabolites. Presently, conclusions cannot be
confidently drawn regarding their presence or absence, as the sensitivity of the general fungal
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barcoded D1 primers may not be particular to the genera. However, it cannot be ruled out that
different fungal genera are producing these shared mycotoxins and secondary metabolites.
4.4.5 Next-generation sequencing of bacteria for the community profiling of contaminated
silage

Several species of lactic acid-producing bacteria (LAB) are common silage additives due to their
deterrence of spoilage microorganisms. However, Li and others (2011) have previously
demonstrated that the addition of LAB is not always indicative of a better quality of silage, as
some strains are easily outcompeted by the more predominant bacterial species present.[218]
Previous profiling of predominant bacterial species has been accomplished using DGGE to
evaluate the complexity of potentially changing communities in spoiled silage.[178]
121 bacterial species were detected in all 26 contaminated sites by NGS. Yersinia, and
Clostridium have all been previously reported as common anaerobic bacterial genera associated
with spoiled silage. The most predominant beneficial LAB detected in the 26 contaminated
silage sites were Lactobacillus kefiri and L. plantarum (Figure 44). Despite the predominance of
both LAB species in sites 21, 25 & 13, all three sites contained diverse fungal populations,
(Figure 43) including the mycotoxigenic acid-tolerant genera Penicillium and Monascus and
their related secondary metabolites. Thus, the presence of LAB does little to deter acid-tolerant
fungal genera, and thus prevent the occurrence of their secondary metabolites in silage.
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Figure 44- Barplot of bacteria by proportion in contaminated silage, showing the most abundant 27 bacterial species. The
commonly detected species between sites are listed in highest abundance to lowest abundance from bottom to top

4.5 Conclusions and Future Work

Despite the complexity of the contaminated silage matrix, DIA-DA was an effective method for
the analysis of mycotoxins and secondary metabolites. The DIA method also demonstrated a
high sensitivity and selectivity for analytes that allowed for retrospective analysis at trace levels.
The most abundant fungal species (Penicillium, Monascus) were screened by the plug extract
method, but the additional fungal isolates need to be screened and added to the silage processing
method.
While the DIA method was previously demonstrated to be quantifiable, efforts are on-going to
develop appropriate matrix-matched calibration curves for mycotoxins and secondary
metabolites currently of regulatory concern. Similarly, methods are being developed for ongoing performance verifications by the addition of several internal standards over the three mass
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ranges, (LM/MM/HM). In addition, several mycotoxins and secondary metabolites have poor
ionization efficiencies in positive mode, thus work is currently underway towards the
development and validation of DIA in negative ionization mode.
Total microbial community profiling of contaminated silage by NGS had not been previously
undertaken, and may prove to be useful in the determination of the total fungi and bacteria
present in cool climates, and how it influences secondary metabolite production. Future projects
will likely focus on the cooler climate mycotoxigenic Penicillium species, thus new primer
design will include barcoded regions specific to the β-tubulin region for Penicillium
differentiation. Similarly, the combination of NGS with metabolomics data could be used for
determination of mycotoxins in the ruminant diet, and the fate of those same secondary
metabolites and mycotoxins in the animal by-products for human consumption. Possible positive
and negative correlations between the bacterial and fungal proportions are currently being
investigated, though further inoculation experiments will be required to confirm the direction of
correlation.
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Chapter 5- Conclusions
5.1 Conclusions

Alternaria is a common saprophyte and plant pathogen of a number of agriculturally-relevant
crops, and is known to produce a number of secondary metabolites of toxicological
concern.[32,114,119,124] The high degree of similarity of their genomes makes it difficult to
differentiate between species.[30,31] Additionally, their distribution and associated secondary
metabolites in Canadian agricultural commodities was relatively unknown. Thus, an untargeted
metabolomics method with statistical validation was completed in Chapter 2 using HRMS for
148 Canadian strains of Alternaria to determine: 1) their distribution in Canada and Canadian
agriculture, and 2) their risk of secondary metabolite contamination in agricultural commodities.
It was demonstrated that there were four predominant chemotypes in Canada, corresponding to
their presence or absence of certain secondary metabolites, such as infectopyrone and an
additional unknown novel biomarker (A. infectoria), tenauzonic acid and altenuisol. The general
secondary metabolome was evaluated, and a risk assessment was provided for secondary
metabolite contamination in agriculturally-relevant food crops, including wheat, tomato and
grape. However, there does not seem to be a general consensus on the identification of many
Alternaria species, thus it is presently unclear if the specific chemotypes are species-level
definitions, or if the metabolite variations are related to the superfluous chromosome in A.
alternata.
New and emerging mycotoxins are constantly being described due to the technological advances
towards instrumentation and method development, which results in trace level detection of target
analytes.[165,181] Targeted LC-MS methods are commonly used to detect regulated mycotoxins, as
well as secondary metabolites with guidance values.[180] However, mycotoxins may exist as
conjugated or modified derivatives, which would evade traditional screening methods.[25,26,184]
Therefore, post-data acquisition semi-targeted screening methods, such as neutral loss filtering
and product ion filtering were investigated. The investigation in Chapter 3 focussed on: 1) the
detection of new sulfoconjugated derivatives, 2) the detection of total AAL toxins, enniatins and
cyclodepsipeptides, and 3) their potential addition to established targeted screening methods in
artificial and agricultural commodities. Using semi-targeted HRMS and ddMS2 methods, new
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secondary metabolites were described, which were also demonstrated present in agricultural
commodities.[111,163] As the semi-targeted methods are post-data acquisition, the processing can
be accomplished on high resolution instruments on the same samples without compromising scan
time.
Silage, which is LAB-ensiled forage material, is fed year-round to cattle, with some ruminants
eating kilograms per day.[37] However, silage can become contaminated with mycotoxinproducing fungal genera, such as Penicillium and Aspergillus.[201,202] However, there are
currently no comprehensive analyses of the Canadian cool climate silage microbiome as it relates
to secondary metabolites and mycotoxins detected. Similarly, even in silages linked to animal
toxicoses, it remains unclear on the specific toxins involved in animal toxicity, or whether there
are synergistic effects enhancing toxicity from mycotoxin co-contamination. To the same effect,
there are no methods of re-evaluating newly discovered mycotoxins in older samples without
sample re-analysis and re-processing. Thus, fungal contaminated silages linked to dairy animal
toxicoses were extracted and evaluated in Chapter 4 to: 1) assess the predominant Canadian
fungal species after ensiling, 2) determine the total fungal and bacterial communities using NGS,
3) assess the major fungal secondary metabolites produced artificially by isolated cultures and
their risk of contamination in silage and 4) assess the total fungal secondary metabolites detected
in a complex matrix using DIA with digital archiving and retrospective analysis. The
predominant mycotoxin-producing fungi in contaminated Canadian silage were the cold and
acid-tolerant genera of Pencillium and Monascus, and their presence and associated secondary
metabolites were not deterred by beneficial LAB. It was also demonstrated that there is a large
discrepancy between the secondary metabolites produced artificially, and those detected in the
silage. NGS provided fungal and bacterial profiles which were supported by the predominant
secondary metabolites detected and isolated fungi. The DIA method with digital archiving was
validated to be sensitive enough for trace analysis of mycotoxins in a complex matrix. However,
the true power of the DIA method was demonstrated by the retrospective analysis of digitally
archived samples, for which analytes could be confidently assigned without the need for sample
re-analysis and re-processing. This is especially important for generating risk assessments in
Canadian agriculture, and for the continued monitoring of mycotoxins and secondary metabolites
of toxicological concern.
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Appendix A1- Chapter 2 Supplementary
Table S1- List of 148 Alternaria sp. with host, location of sample collection, tentative species assignment (2), and species
assignment based on the RPB2 primer region. “*” indicated strains grown in liquid culture and on rice and Cheerios (3.1).
Cultures with KAS numbers are in the laboratory culture collection of Keith A. Seifert, and the subject of ongoing taxonomic
study for species identification.
Specimen
Code

Host

Tentative
species
assignment

Species assignment
based on RPB2 primer
(Woudenberg)

City, Province

KAS5401

Malus domestica

A. tenuissima

alternata

Vineland, Ontario

KAS5400

Malus domestica

A. tenuissima

A. arborescens species complex

Vineland, Ontario

KAS5399*

Malus domestica

A. alternata

A. arborescens species complex

Vineland, Ontario

KAS5398

Malus domestica

A. tenuissima

A. arborescens species complex

Vineland, Ontario

KAS5392

Eutrochium purpureum

A. infectoria

KAS5387

Lunaria annua

No assignment

A. arborescens species complex

Orleans, Ontario

KAS5385

Thalictrum sp.

A. tenuissima

alternata

Orleans, Ontario

KAS5384

Begonia sp.

A. alternata

Orleans, Ontario

KAS5382

Ipomea sp.

A. arborescens

Orleans, Ontario

KAS5381

Ipomea sp.

A. alternata

Orleans, Ontario

KAS5380

Astilbe sp.

A. arborescens

KAS5379

Unknown

A. arborescens

alternata

Ottawa, Ontario

KAS5378

Euchera americana

A. tenuissima

A. arborescens species complex

Orleans, Ontario

KAS5377

Thuja officinalis

A. tenuissima

KAS5375

Unknown

A. tenuissima

alternata

Leitrim, Ontario

KAS5374

Geranium sp.

No assignment

alternata

Orleans, Ontario

KAS5373

Silene vulgaris

A. arborescens

alternata

Ottawa, Ontario

KAS5372

Asclepias sp.

A. alternata

A. arborescens species complex

Leitrim, Ontario

KAS5369

Linaria vulgaris

A. tenuissima

alternata

Orleans, Ontario

KAS5368

Daucus carota

A. tenuissima

alternata

Ottawa, Ontario

KAS5365

Brassica sp.

A. arborescens

A. arborescens species complex

Orleans, Ontario

KAS5364

Pyrus sp.

A. infectoria

alternata

Orleans, Ontario

KAS5339

Dicentra canadensis

No assignment

alternata

Orleans, Ontario

KAS5337

Rhus typhina

A. tenuissima

alternata

Orleans, Ontario

KAS5327

Hibiscus rosa-sinensis

A. tenuissima

KAS5325

Scirpus sp.

A. arborescens

alternata

Orleans, Ontario

KAS5324

Delphinium sp.

A. arborescens

alternata

Orleans, Ontario

KAS5322

Acer sp.

A. arborescens

alternata

Orleans, Ontario

KAS5321

Lycopersicon esculentum

A. arborescens

KAS5320

Daucus carota

A. alternata

A. arborescens species complex

Ottawa, Ontario

KAS5319

Sphagnum sp.

A. arborescens

alternata

Orleans, Ontario

KAS5313

Lycopersicon esculentum

A. arborescens

alternata

Ottawa, Ontario

KAS5312

Pinus sp.

A. tenuissima

KAS5309

Aesculus flava

A. arborescens

KAS5308*

Malus baccata

A. tenuissima

KAS5307

Ipomea baccata

A. arborescens

A. arborescens species complex

Orleans, Ontario

KAS5306

Ipomea baccata

A. infectoria

alternata

Orleans, Ontario
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Orleans, Ontario

Orleans, Ontario

Nepean, Ontario

Orleans, Ontario

Orleans, Ontario

Ottawa, Ontario
alternata

Ottawa, Ontario
Ottawa, Ontario

KAS5305

Juniperus virginiana

A. arborescens

alternata

Ottawa, Ontario

KAS5304

Weigela sp.

A. alternata

alternata

Orleans, Ontario

KAS5303

Sedum sp.

A. tenuissima

alternata

Ottawa, Ontario

KAS5301

Brassica sp.

A. arborescens

KAS5300

Tamarix ramoissisima

KAS5299

Ottawa, Ontario

A. arborescens

A. arborescens species complex

Orleans, Ontario

Lewisia longipetala

A. alternata

A. arborescens species complex

Orleans, Ontario

KAS5298

Alcea rosea

A. infectoria

A. arborescens species complex

Orleans, Ontario

KAS5297

Lewisia longipetala

A. arborescens

KAS5296

Salix sp.

A. tenuissima

alternata

Ottawa, Ontario

KAS5295

Hippeastrum sp.

A. arborescens

alternata

Ottawa, Ontario

KAS5293

Pilosella aurantiaca

A. arborescens

alternata

Nepean, Ontario

KAS5287

Hedera sp.

A. alternata

alternata

Ottawa, Ontario

KAS5286

Rosa sp.

A. alternata

A. arborescens species complex

Orleans, Ontario

KAS5275

Caragana sp.

No assignment

A. arborescens species complex

Orleans, Ontario

KAS5274

Papaver rhoeas

A. arborescens

alternata

Orleans, Ontario

SLOAN361

House dust

A. infectoria

infectoria

Regina, Saskatchewan

SLOAN345

House dust

A. alternata

SLOAN220

House dust

A. alternata

alternata

Regina, Saskatchewan

SLOAN66

House dust

A. alternata

alternata

Regina, Saskatchewan

TOM2

Solanum lycopersicum

A. tenuissima

alternata

London, Ontario

TOMSTEM3a

Solanum lycopersicum

A. arborescens

alternata

London, Ontario

KAS5428*

Solanum lycopersicum

No assignment

TOMSTEM3c

Solanum lycopersicum

A. arborescens

alternata

London, Ontario

TOMSTEM3d

Solanum lycopersicum

A. tenuissima

alternata

London, Ontario

BBJS14b

Vaccinium sp.

A. tenuissima

Vineland, Ontario

JSP4AR5*

Vitis vinifera

A. arborescens

Vineland, Ontario

NS1

Vitis vinifera

A. arborescens

Nova Scotia

NSFoch2

Vitis vinifera

A. tenuissima

Nova Scotia

MBBC37c

Vaccinium angustifolium

A. alternata

alternata

Mt. Thom, Nova Scotia

RJS1-2a

Rubus sp.

A. arborescens

alternata

Vineland, Ontario

RJS2-2c

Rubus sp.

A. arborescens

A. arborescens species complex

Vineland, Ontario

RJS1-4a

Rubus sp.

A. arborescens

A. arborescens species complex

Vineland, Ontario

KAS5521

Hordeum vulgare L. (Canada Eastern)

A. arborescens

A. arborescens species complex

P.E.I

KAS5520

Secale cereale (Canada Eastern)

A. tenuissima

KAS5519

Secale cereale (Canada Eastern)

A. tenuissima

KAS5518

Secale cereale (Canada Eastern)

A. tenuissima

KAS5517

Secale cereale (Canada Eastern)

A. arborescens

alternata

Quebec

KAS5516

Secale cereale (Canada Eastern)

A. arborescens

alternata

Quebec

KAS5515

Secale cereale (Canada Eastern)

A. alternata

alternata

Quebec

KAS5514

Secale cereale (Canada Eastern)

A. alternata

KAS5513

Avena sativa (Canada Western)

A. arborescens

alternata

Edmonton, Alberta

KAS5512

Triticum spp. (Amber Durum)

A. alternata

alternata

Beechy, Saskatchewan

KAS5511

Triticum spp. (Amber Durum)

A. arborescens

Beechy, Saskatchewan

KAS5510

Triticum spp. (Amber Durum)

A. tenuissima

Beechy, Saskatchewan

KAS5509

Triticum spp. (Amber Durum)

A. tenuissima

119

Orleans, Ontario

Regina, Saskatchewan

London, Ontario

Quebec
alternata

Quebec
Quebec

Quebec

alternata

Beechy, Saskatchewan

KAS5508

Triticum spp. (Amber Durum)

A. tenuissima

KAS5507

Brassica napus (Canada Western Canola)

A. infectoria

KAS5506

Brassica napus (Canada Western Canola)

A. infectoria

KAS5505

Brassica napus (Canada Western Canola)

A. infectoria

Western Canada

KAS5504

Triticum spp. (Canadian Eastern Red Winter)

A. arborescens

Western Canada

KAS5503

Triticum spp. (Canadian Eastern Red Winter)

A. arborescens

Western Canada

KAS5502

Triticum spp. (Canadian Eastern Red Winter)

A. infectoria

Western Canada

KAS5501

Triticum spp. (Canadian Eastern Red Winter)

A. infectoria

Western Canada

KAS5500

Triticum spp. (Canadian Eastern Red Winter)

A. arborescens

KAS5499

Brassica napus (Canada Western Canola)

A. arborescens

KAS5498

Brassica napus (Canada Western Canola)

A. infectoria

KAS5497

Brassica napus (Canada Western Canola)

A. tenuissima

KAS5496

Hordeum vulgare L. (Canada Western)

A. tenuissima

Western Canada

KAS5495

Hordeum vulgare L. (Canada Western)

A. tenuissima

Western Canada

KAS5494*

Hordeum vulgare L. (Canada Western)

A. arborescens

KAS5493

Hordeum vulgare L. (Canada Western)

A. tenuissima

alternata

Western Canada

KAS5492

Hordeum vulgare L. (Canada Western)

A. arborescens

alternata

Western Canada

KAS5491

Hordeum vulgare L. (Canada Western)

A. tenuissima

Western Canada

KAS5490

Hordeum vulgare L. (Canada Western)

A. infectoria

Western Canada

KAS5489

Hordeum vulgare L. (Canada Western)

A. tenuissima

alternata

Western Canada

KAS5488

Triticum spp. (Canada Western Amber Durum)

A. infectoria

infectoria

Western Canada

KAS5487

Triticum spp. (Canada Western Amber Durum)

A. alternata

KAS5486

Triticum spp. (Canada Western Amber Durum)

A. infectoria

infectoria

Western Canada

KAS5485

Triticum spp. (Canada Western Amber Durum)

A. arborescens

infectoria

Western Canada

KAS5484

Triticum spp. (Canada Western Amber Durum)

A. arborescens

Western Canada

KAS5483

Triticum spp. (Canada Western Amber Durum)

A. infectoria

Western Canada

KAS5482

Triticum spp. (Canada Western Amber Durum)

A. infectoria

KAS5481

Triticum spp. (Canada Western Amber Durum)

A. tenuissima

KAS5480

Triticum spp. (Red)

A. infectoria

Western Canada

KAS5479

Triticum spp. (Red)

A. tenuissima

Western Canada

KAS5478

Triticum spp. (Red)

A. tenuissima

Western Canada

KAS5477

Triticum spp. (Red)

A. infectoria

KAS5476

Triticum spp. (Canada Western Amber Durum)

A. infectoria

Western Canada

KAS5475

Triticum spp. (Canada Western Amber Durum)

A. infectoria

Western Canada

KAS5474

Triticum spp. (Canada Western Amber Durum)

A. infectoria

KAS5473

Triticum spp. (Canada Western Red Winter)

A. infectoria

Western Canada

KAS5472

Triticum spp. (Canada Western Red Winter)

A. infectoria

Western Canada

KAS5471

Triticum spp. (Canada Western Red Winter)

A. arborescens

Western Canada

KAS5470

Triticum spp. (Canada Western Red Winter)

A. infectoria

KAS5469

Triticum spp. (Canada Western Red Winter)

A. infectoria

KAS5468

Triticum spp. (Canada Western Red Winter)

A. tenuissima

KAS5467

Triticum spp. (Canada Western Red Winter)

A. infectoria

Western Canada

KAS5466

Triticum spp. (Canada Western Prairie Spring Red)

A. alternata

Western Canada

KAS5465

Triticum spp. (Canada Western Prairie Spring Red)

A, arborescens

Western Canada

KAS5464*

Triticum spp. (Canada Western Prairie Spring Red)

A. arborescens
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Beechy, Saskatchewan
Western Canada
infectoria

Western Canada

Western Canada
alternata

Western Canada
Western Canada

alternata

Western Canada

Western Canada

Western Canada

Western Canada
alternata

infectoria

infectoria

infectoria

Western Canada

Western Canada

Western Canada

Western Canada
Western Canada

alternata

alternata

Western Canada

Western Canada

KAS5463

Triticum spp. (Canada Western Prairie Spring Red)

A. infectoria

Western Canada

KAS5462

Hordeum vulgare L. (Canada Western)

A. arborescens

Western Canada

KAS5461

Hordeum vulgare L. (Canada Western)

A. tenuissima

Western Canada

KAS5460

Hordeum vulgare L. (Canada Western)

A. arborescens

Western Canada

KAS5459

Hordeum vulgare L. (Canada Western)

A. arborescens

Western Canada

KAS5458

Hordeum vulgare L. (Canada Western)

A. alternata

Western Canada

KAS5457

Hordeum vulgare L. (Canada Western)

A. arborescens

KAS5456

Hordeum vulgare L. (Canada Western)

A. alternata

KAS5455

Triticum spp. (Canada Western Hard Red Spring)

A. infectoria

Western Canada

KAS5454

Triticum spp. (Canada Western Hard Red Spring)

A. alternata

Western Canada

KAS5453

Avena sativa (Canada Western)

A. arborescens

Edmonton, Alberta

KAS5452

Avena sativa (Canada Western)

A. alternata

KAS5451

Avena sativa (Canada Western)

A arborescens

alternata

Edmonton, Alberta

KAS5450

Triticum spp. (Canada Western Amber Durum)

A. tenuissima

alternata

Corrine, Saskatchewan

KAS5449

Triticum spp. (Canada Western Amber Durum)

A. infectoria

infectoria

Corrine, Saskatchewan

KAS5448

Triticum spp. (Canada Western Amber Durum)

A. tenuissima

alternata

Corrine, Saskatchewan

KAS5447

Triticum spp. (Canada Western Red Winter)

A. infectoria

KAS5446

Triticum spp. (Canada Western Red Winter)

A. infectoria

KAS5445*

Triticum spp.

A. alternata

KAS5444
(ATCC 34956)
KAS5443
(ATCC 349568)

Triticum spp.

A. tenuissima

Triticum spp.

A. alternata

(ATCC 34958)
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Western Canada
alternata

Western Canada

Edmonton, Alberta

Killam, Alberta
infectoria

Dunmore, Alberta
Western Canada
Western Canada

alternata

Western Canada

Figure 1S- ddMS2 transitions of infectopyrone and 219 obtained in negative ionization mode
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Appendix A2- Chapter 3 Supplementary
Table S2- List of unknown sulfoconjugated metabolites detected from the 148 Alternaria sp. studied showing the retention time
(RT, mins) and m/z for the sulfoconjugated and corresponding free metabolites.
Free

Sulfoconjugated

Metabolite

RT

m/z [M-H]-

RT

m/z [M-H]-

C30H22O12

3.09

573.10278

2.89

653.05957

C27H36O6

4.97

455.24646

4.93

535.20313

C24H35NO6

4.16

432.23849

3.84

512.19440

C23H38O7

4.20

425.25400

4.00

505.20999

C24H33NO5

4.27

414.22806

4.00

494.18466

C24H31NO4

4.12

396.21790

4.52

476.17401

C24H48O3

5.49

383.35315

4.95

463.30936

C22H44O4

4.28

371.31592

4.60

451.27261

C22H44O3

5.13

355.32114

4.55

435.27768

C22H42O3

4.65

353.30539

4.73

433.26202

C21H32O4

4.14

347.22214

3.73

427.17902

C21H30O4

3.80

345.20657

3.31

425.16351

C20H40O3

5.47

327.28998

4.65

407.24637

C18H36O4

4.32

315.25461

4.02

395.21051

C18H34O4

3.74

313.23792

3.48

393.19431

C15H12O7

3.15

303.05045

3.63

383.00659

C18H36O3

5.09

299.25861

4.25

379.21527

C18H34O3

4.93

297.24301

4.12

377.20001

C15H18O6

3.26

293.10248

3.03

373.05930

C14H14O6

2.99

277.07074

2.91

357.02848

C15H10O4

3.26

253.05006

2.87

333.00731

C13H12O5

2.73

247.06038

2.57

327.01697

C14H14O4

3.24

245.08100

3.08

325.03809

C12H10O5

2.78

233.04471

2.52

313.00192

C13H12O4

3.06

231.06534

2.70

311.02258

C11H10O4

2.84

205.04947

2.66

285.00699

C10H14NO3

3.50

196.09676

2.75

276.05429

C10H10O4

2.70

193.04956

2.48

273.00748

C11H10O3

3.22

189.05452

2.78

269.01218

C9H10O3

2.98

165.05437

2.64

245.01186
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371.04379

AOH-SO3

90

100
95

34S

85
80

95

80

80
75

60

70
65

55

60
55

50

40
35

20

5

338.990

338.992

338.994

338.996

338.998

339.000

339.002
m/z

339.004

339.006

339.008

339.010

339.012

339.014

35
30
25
20
15
10

25

20

373.030

5
337.2

337.4

337.6

337.8

338.0

338.2

338.4

338.6

338.8

90

90

85

85

80

80

75

75

Relative Abundance

95

70
65
60
55
50
45
40
35

SO3

20
15

60

80

100

120

140

160

180

200

220

240

90
85

320

340

95

371.6

371.8

372.0

372.2

30

20

0

273.07611
353.03296
291.08679
371.04330
59.68068
214.06250
79.95564 122.97390 189.05415 229.08614247.09709 335.01941
m/z
60

80

100

120

140

160

180

200

220

240

ALS-SO3
95

50

90

45

50

40

380

13Cx2

70

60
55

60
55

20

40
35
30

20
15
10

45

15

50
45

25

50

30

5
m/z

0
480.175

40

10

30

360

65

65

25

35

340

75

70

35

40

320

80

75

369.01724
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Figure 2S: HRMS data showing the 34S isotope pattern along with the MS2 data for the known sulfoconjugated AOH and five
new sulfoconjugated metabolites (ALS, MAC, ALT, DHA and DMA).
Table 3S- Fusarium species used for enniatin analysis using product ion filtering

Culture code

Confirmed as

DAOMC Number

KAS 1907
KAS 1914
KAS 2925
KAS 2926
KAS 2927
KAS 1912
KAS 2903

F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. acuminatum
F. subglutinans

235695
235696
235697

125

235673

Figure 3S- MS2 spectra for the unknown enniatins detected in F. avenaceum liquid culture extracts using product ion filtering of
the 196 fragment ion. A predicted structure is provided for unknown 696 enniatin based on the observed fragments
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Figure 4S- MS2 spectra for the unknown cyclodepsipeptides detected by product ion filtering of the 196 fragment ion
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Appendix A3- Chapter 4 Supplementary
Table 4S- Primer sequences used in PCR of isolated fungal cultures from contaminated silage

Sequence (5’ to 3’)

Primer
ITS1

TCCGTAGGTGAACCTGCGG

ITS4

TCCTCCGCTTATTGATATGC

βtub2a

GGTAACCAAATCGGTGCTGCTTTC

βtub2b

ACCCTCAGTGTAGTGACCCTTGGC

AnF

GGATTTCGACAGCATTTTCCAGAACG

AnR

GATAAAACCATTGTTGTCGCGGTCG

AwF

GGGATTTCGACAGCATTTCTCAGAATT

AwR

GATAAAACCATTGTTGTCGCGGTCA

Table 5S- Primer sequences used for ascomycetes and bacteria in next-generation sequencing of total silage DNA
Sample set

Sample name

Forward primer

Ascomycete
Ascomycete

1-A
2-A

28S200A_1F
28S200A_1F

Ascomycete

3-A

Ascomycete

4-A

Ascomycete
Ascomycete

Forward barcode

Reverse primer

Reverse barcode

ataacgaa
ataacgaa

28S476A_1R
28S476A_2R

aagatggt
gaggagat

28S200A_1F

ataacgaa

28S476A_3R

tccgttcg

28S200A_1F

ataacgaa

28S476A_4R

cattaagg

5-A

28S200A_1F

ataacgaa

28S476A_17R

ctagtcat

6-A

28S200A_1F

ataacgaa

28S476A_18R

gtcttcct

Ascomycete

7-A

28S200A_2F

cattaagg

28S476A_1R

aagatggt

Ascomycete

8-A

28S200A_2F

cattaagg

28S476A_2R

gaggagat

Ascomycete

9-A

28S200A_2F

cattaagg

28S476A_3R

tccgttcg

Ascomycete

10-A

28S200A_2F

cattaagg

28S476A_4R

cattaagg

Ascomycete

11-A

28S200A_2F

cattaagg

28S476A_17R

ctagtcat

Ascomycete

12-A

28S200A_2F

cattaagg

28S476A_18R

gtcttcct

Ascomycete

13-A

28S200A_3F

tggcggct

28S476A_1R

aagatggt

Ascomycete

14-A

28S200A_3F

tggcggct

28S476A_2R

gaggagat

Ascomycete

15-A

28S200A_3F

tggcggct

28S476A_3R

tccgttcg

Ascomycete

16-A

28S200A_3F

tggcggct

28S476A_4R

cattaagg

Ascomycete

17-A

28S200A_3F

tggcggct

28S476A_17R

ctagtcat

Ascomycete

18-A

28S200A_3F

tggcggct

28S476A_18R

gtcttcct

Ascomycete

19-A

28S200A_4F

gtaagcgc

28S476A_1R

aagatggt

Ascomycete

20-A

28S200A_4F

gtaagcgc

28S476A_2R

gaggagat

Ascomycete

21-A

28S200A_4F

gtaagcgc

28S476A_3R

tccgttcg
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Ascomycete

22-A

28S200A_4F

gtaagcgc

28S476A_4R

Ascomycete

23-A

28S200A_4F

gtaagcgc

28S476A_17R

ctagtcat

Ascomycete

25-A

28S200A_5F

tccgccaa

28S476A_1R

aagatggt

Ascomycete

26-A

28S200A_5F

tccgccaa

28S476A_2R

gaggagat

Ascomycete

27-A

28S200A_5F

tccgccaa

28S476A_3R

tccgttcg

Bacteria

1-V

u518_7F

cc aag gcc

806R_5R

agttaacc

Bacteria

2-V

u518_7F

cc aag gcc

806R_6R

ccaaggcc

Bacteria

3-V

u518_7F

cc aag gcc

806R_7R

ataacgaa

Bacteria

4-V

u518_7F

cc aag gcc

806R_8R

tgacttca

Bacteria

5-V

u518_7F

cc aag gcc

806R_9R

agccacac

Bacteria

6-V

u518_7F

cc aag gcc

806R_10R

caggctta

Bacteria

7-V

u518_7F

cc aag gcc

806R_11R

cttcctgg

Bacteria

8-V

u518_7F

cc aag gcc

806R_12R

gactaatc

Bacteria

9-V

u518_7F

cc aag gcc

806R_13R

gcttgatg

Bacteria

10-V

u518_7F

cc aag gcc

806R_14R

tggcggct

Bacteria

11-V

u518_7F

cc aag gcc

806R_15R

gtaagcgc

Bacteria

12-V

u518_7F

cc aag gcc

806R_16R

tccgccaa

Bacteria

13-V

u518_8F

aa gat ggt

806R_5R

agttaacc

Bacteria

14-V

u518_8F

aa gat ggt

806R_6R

ccaaggcc

Bacteria

15-V

u518_8F

aa gat ggt

806R_7R

ataacgaa

Bacteria

16-V

u518_8F

aa gat ggt

806R_8R

tgacttca

Bacteria

17-V

u518_8F

aa gat ggt

806R_9R

agccacac

Bacteria

18-V

u518_8F

aa gat ggt

806R_10R

caggctta

Bacteria

19-V

u518_8F

aa gat ggt

806R_11R

cttcctgg

Bacteria

20-V

u518_8F

aa gat ggt

806R_12R

gactaatc

Bacteria

21-V

u518_8F

aa gat ggt

806R_13R

gcttgatg

Bacteria

22-V

u518_8F

aa gat ggt

806R_14R

tggcggct

Bacteria

23-V

u518_8F

aa gat ggt

806R_15R

gtaagcgc

Bacteria

25-V

u518_9F

ag tta acc

806R_5R

agttaacc

Bacteria

26-V

u518_9F

ag tta acc

806R_6R

ccaaggcc

Bacteria

27-V

u518_9F

ag tta acc

806R_7R

ataacgaa
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cattaagg

Table 6S- Fungal secondary metabolite standards in the DIA digital archive
Metabolite

Molecular
formula

Precursor m/z
[M+H]

Molecular
formula

Precursor m/z
[M+H]

C10H10O3

179.07025

Traversianal

C20H28O3

317.21110

C8H6O5

183.02878

Zearalenone

C18H22O5

319.15398

5-hydroxy culmorin

C15H24O2

237.18491

Sterigmatocystin

C18H12O6

325.07065

Viridicatin

C15H11NO2

238.08624

Aflatoxin G1

C17H12O7

329.06556

Culmorin

C15H26O2

239.20054

Aflatoxin M1

C17H12O7

329.06556

Citrinin

C13H14O5

251.09138

Aflatoxin G2

C17H14O7

331.08121

Frequintin

C14H20O4

253.14342

Altersolanol A

C16H16O8

337.09178

C14H16N2O2

253.17982

Bostrycin

C16H16O8

337.09178

C14H10O5

259.06008

α-cyclopiazonic acid

C20H20N2O3

337.15465

C10H10Cl2O4

265.00287

15-acetylDON

C17H22O7

339.14381

C15H22O4

267.15907

3-acetylDON

C17H22O7

339.14381

C15H10O5

271.06008

4',5-bisdeoxydothistromin

C18H12O7

341.06556

Helminthosporin

C15H10O5

271.06008

Penicillin V

C16H18N2O5S

351.10090

Alternariol methyl ether

C15H12O5

273.07573

Griseofulvin

C17H17ClO6

353.07863

Koninginin E

C16H26O4

283.06117

Fusarenon-X

C17H22O8

355.13873

Macrosporin

C16H12O5

285.07573

4'-deoxydothistronin

C18H10O8

357.06048

Koninginin A

C16H28O4

285.20602

Brevianamide A

C21H23N3O3

366.18120

Altenuene

C15H16O6

293.10195

Diacetoxyscirpenol

C19H26O7

367.17511

Phacidin

C16H22O5

295.15398

Averufin

C20H16O7

369.09686

Deoxynivalenol

C15H20O6

297.13325

Alantrypinone

C21H16N4O3

373.12950

T-2 tetraol

C15H22O6

299.14890

Isomarticin

C18H16O9

377.08669

Fusarubin

C15H14O7

307.08121

3,15-aDON

C19H24O8

381.15438

Aflatoxin B1

C17H12O6

313.07065

Roquefortine C

C22H23N5O2

390.19243

Nivalenol

C15H20O7

313.12816

Ochratoxin A

C20H18ClNO6

404.08952

Pyrenopherol

C16H24O6

313.16456

Neosolaniol

C19H26O8

405.14972

Aflatoxin B2

C17H14O6

315.08630

3,7,15-triacetyl-DON

C21H26O9

423.16494

HT-2 Toxin

C22H32O8

425.21698

Satratoxin H

C29H36O9

545.23811

C23H25ClO6

433.14123

Roridin A

C29H40O9

555.25366

Mellein
stipitatic acid

Walleminone
Alternariol
Cryptosporiopsin
Verrucarol
Emodin

Chaetoviridin A

Metabolite

130

Meleagrin

C23H23N5O4

434.18226

Ergocorninine

C31H39N5O5

562.30238

Kotanin

C24H22O8

439.13874

Satratoxin F

C29H34O10

565.20297

Trichoverrol A

C23H32O7

443.20169

Satratoxin G

C29H36O10

567.21753

Atranone B

C25H34O7

447.23771

Ergocryptinine

C32H41N5O5

576.31803

DON-glucoside I

C21H30O11

481.16586

Ergocristinine

C35H39N5O5

610.30238

Verrucarin J

C27H32O8

485.21698

Penitrem A

C37H44ClNO6

634.29298

T-2 Toxin

C24H34O9

489.20700

Enniatin B

C33H57N3O9

640.41674

C25H47NO9

506.33234

Enniatin B1

C34H59N3O9

676.41034

C18H16O9

515.26393

Fumonisin B3

C34H59NO13

690.40590

AAL toxin TA

C25H47NO10

522.32726

Enniatin A1

C35H61N3O9

690.43000

Chaetoglobulosin A

C32H36N2O5

529.26968

Fumonisin B2

C34H59NO14

706.40082

Chaetoglobulosin C

C32H36N2O5

529.26968

Fumonisin B1

C34H59NO15

722.39573

Cercosporin

C29H26O10

535.15987

Beauvericin

C45H57N3O9

806.39368

iso-Roridine E

C29H38O8

537.24323

Stachybocin B

C52H70N2O11

899.50522

Rugulosin

C30H22O10

543.12856

Stachybocin C

C52H70N2O11

899.50522

AAL toxin TB
Marticin
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1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

25

26

27
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Pseudallescheria boydii

Penicillium viridicatum

Penicillium simplicissimum

Penicillium rugulosum

Penicillium roqueforti

Penicillium paneum

Penicillium nordicum

Penicillium griseofulvum

Penicillium flavigeum

Penicillium crustosum

Penicillium aurantiogriseum

Myceliophthora lutea

Penicillium atrovenetum

Mucor circincelloides

Monascus ruber

Leptosphaeria

Irpex lacteus

Gliocladium roseum

Geotrichum sp.

Fusarium sp.

Cladosporium sp.

Chaetomium globosum

Aspergillus glaucus

Aspergillus welwitschiae

Aspergillus nidulans

Aspergillus fumigatus

Site

Table 7S- Fungal species isolated from each of the 26 Canadian sites

Table 8S- Mycotoxins and secondary metabolites currently monitored by the Canadian Food Inspection Agency (CFIA) in food
and feed sold in Canada[218]. Recommended guidance values are reported with an asterisk*

Secondary metabolite

Maximum level[205]

Deoxynivalenol (DON)

2 mg/kg in uncleaned soft wheat
(humans), 5 mg/kg for cattle and
poultry

Fusarium graminearum, F.
culmorum

Patulin

50 µg/kg in apple juice, cider or
juice blends

Penicillium spp., Aspergillus
spp., Byssochlamys spp.

Aflatoxin

15 µg/kg in nut and nut products
(humans), 20 µg/kg animals

Aspergillus flavus, A. parasiticus

HT-2 toxin

0.1 mg/kg for cattle/poultry, 25
µg/kg for dairy animal diets

Fusarium sporotrichioides

Ochratoxin A (OTA)

*5 µg/kg in raw or unprocessed
cereal grains (humans), 2 mg/kg
swine/poultry feed

Penicillium verrucosum,
Aspergillus carbonarius,
Aspergilllus ochraceus

*2 mg/kg swine feed, 1 mg/kg
poultry feed

Fusarium poae

*1 mg/kg poultry feed

Fusarium sporotrichioides, F.
acuminatum

Zearalenone (ZEN)

*10 mg/kg cow diets (1.5 mg/kg
if other toxins present), <5 mg/kg
sheep, pigs

Fusarium graminearum, F.
culmorum, F. equiseti, F.
verticilloides

Ergot alkaloids

*2-3 mg/kg cattle, sheep, horses,
4-6 mg/kg swine, 6-9 mg/kg
chicks

Claviceps spp.

Diacetoxyscirpenol (DAS)

T-2 toxin
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Produced by

Table 9S- 53 unknown secondary metabolites detected in individual plug extracts

[M+H]

Molecular formula

361.20081
227.09134

C21H28O5
C11H14O5

338.26880

Detected from

Silage

Monascus ruber
M. ruber

X
X

C20H35NO3

M. ruber

X

341.35257

C21H44N2O
C19H26O3

211.14423

C11H18N2O2

M. ruber, P. viridicatum, P. nordicum, P.
simplicissimum,
P. aurantiogriseum, P. paneum,
M.
ruber
P. roqueforti,
P. crustosum
M.
ruber, P. roqueforti

X

303.19534
381.42017

C25H54N2

M. ruber

369.38385

C23H50N2

M. ruber, P. nordicum, P. simplicissimum

425.44641

C28H40O3

M. ruber

272.12796

C16H17NO3

M. ruber

398.19611

C23H27NO5

M. ruber

437.26627

C26H34N3O3

Penicillium crustosum, P. paneum

481.29269

X
X

P. crustosum, P. flavigenum

181.08601

C10H12O3

P. crustosum

397.41534

C25H52N2O

P. crustosum

268.10391

C10H13N5O4?

P. crustosum

313.23477

C16H30N3O3

P. crustosum, P. roqueforti

367.16541

C21H22N2O4

P. griseofulvum

393.14188

C19H23NO8

P. griseofulvum

198.12779

C14H15N

P. griseofulvum

531.25800

C29H38O9

P. paneum

515.26300

C29H38O8

P. paneum

569.34503

C30H44N6O5

P. paneum

413.26862

C26H36O4

P. paneum

251.20058

C16H26O2

P. paneum

261.14853

C16H20O3

P. paneum

425.28738

C20H36N6O4?

X
X

P. paneum, P. roqueforti

235.16924

C15H22O2

P. roqueforti

157.06088

C6H8N2O3

P. roqueforti

471.19910

C22H26N6O6

P. aurantiogriseum

387.21658

C23H30O5

P. aurantiogriseum

443.20392

C25H30O7

P. aurantiogriseum

331.11893

C19H14N4O2

P. aurantiogriseum

377.16028

C20H24O7

P. nordicum

267.08356

C13H14O6

P. nordicum

406.17566

C23H23N3O4

P. nordicum

471.27109

C23H38N2O8

P. simplicissimum

241.14317

C13H20O4

P. simplicissimum

285.28973

C17H36N2O

P. simplicissimum

313.32092

C19H40N2O

P. simplicissimum

153.05449

C8H8O3

P. viridicatum

490.29016

C26H39N3O6

P. viridicatum

516.30585

C28H41N3O6

P. viridicatum
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532.29980

C28H41N3O7

P. viridicatum

493.28030

C27H40O8

P. viridicatum

558.31665

C30H43N3O7

P. viridicatum

379.33545

C23H42N2O2

P. viridicatum

374.23215

C22H31NO4

P. viridicatum

273.07553

C15H12O5

P. viridicatum

334.15469

C20H19N3O2

P. viridicatum

427.24799

C26H34O5

P. flavigenum

193.08601

C11H12O3

P. flavigenum

C14H16O3

P. flavigenum

233.11729

Table 10S- All fungal species detected by NGS

Alternaria alternata
Ascobolus sp.
Aspergillus pseudoglaucus
Aspergillus fumigatus
Aspergillus welwitschiae
Aspergillus sp.
Botrytis cinerea
Candida railenensis
Candida sake
Candida sp.
Chaetomium globosum
Chaetomium sp. 1
Chaetomium sp. 2
Chrysosporium chiropterorum
Cladosporium ramotenellum
Clonostachys rosea (Gliocladium)
Cryptococcus victoriae
Crystofilobasidium macerans
Debaryomyces hansenii
Doratomyces sp.
Doratomyces sp.1
Doratomyces sp.2
Fusarium sp.
Fusarium avenaceum
Fusarium equiseti
Fusarium graminearum
Heydenia sp.
Hyphopichia burtonii
Kregervanrija fluxuum
Lichtheimia ramosa

Mucor circinelloides
Mucor plumbeus/racemosus
Nigrospora sp.
Penicillium simplicissimum
Penicillium roqueforti
Penicillium sp.
Phoma sp.
Pichia fermentans
Pichia membranifaciens
Pithoascus sp.
Pseudallescheria sp.
Pseudogymnoascus destructans
Saccharomyces castellii
Saccharomyces cerevisiae
Sarocladium strictum
Scedosporium sp.
Schizothecium sp.
Scopulariopsis brevicaulis
Scopulariopsis sphaerspora
Sordaria sp.
Sphaerodes fimicola
Thelebolus sp.
Thermomyces lanuginosus
Trichothecium roseum
Uncultured fungus
Veronaea botryosa
Verticillium sp.
Wickerhamomyces anomalus
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Monascus ruber
Mortierella sp.
Mrakia blollopis
*Contact author for ID confidences
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